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Optical data storage can satisfy demands of carrying large amounts of 
information in a small and stable format in this information era. To store as much 
information as possible, minimization of feature size, which can be achieved by 
nanolithography techniques is required. Optical nanolithography, though facing the 
optical diffraction limit, still attracts much attention and retains its strong status 
because its advantages over other lithography methods for its high throughput, low 
cost, flexible working environment, and simple operation process. The research 
reported in this thesis aims to achieve high resolution, overcoming the optical 
diffraction limit, by making use of optical lithography techniques. Two types of 
optical lithography techniques, namely microlens array (MLA) patterning and near-
field scanning optical lithography (NSOL), using a femtosecond laser, are developed 
and presented to show their capabilities in fabrication of nanofeatures. 
MLA patterning on phase-change thin film by pulse laser irradiation is 
presented. MLA has attracted more and more attention for its unique characteristics in 
imaging system. In this thesis, multi-foci appearing at the focal plane of an MLA act 
as “pens” to write features. As the phase-change thin film is a popular material used in 
optical data storage, MLA patterning on it with a large number of “pens” over a large 
area in a short time can increase the optical recording efficiency greatly. The small 
size of each lens in the MLA reduces the laser energy at the focal point significantly, 
which helps to minimize the feature size on the phase-change thin film. The effects of 
laser wavelength and laser fluence/power on the feature size are studied. Optical and 
electrical properties of the phase-change thin films are characterized by near-field 




respectively. Based on this MLA patterning, phase-change nanolithography is 
developed by wet chemical etching to fabricate 3D nanostructures. Making use of the 
different phase-change thin films having different reactions to chemical etching, nano-
pillar-array and nano-dot-array are produced.  
To further decrease feature sizes, NSOL in photoresist with a femtosecond 
laser coupled into the NSOM is developed. Due to the low laser power output of the 
NSOM probe, it is difficult to directly create the patterns on phase-change thin film 
with sufficiently high resolution and so a photoresist is used instead as an intermediate 
masking step. The near field light distribution emitting out of the NSOM probe 
aperture is simulated first. Different parameters, namely, laser power, writing speed, 
exposure time and probe-to-sample distance, are investigated to study their effects on 
feature size and shape. Variation of feature shapes at different distances from the 
NSOM probe agrees with the field distribution simulated according to the Bethe-
Bouwkamp model very well. To demonstrate the use of femtosecond laser NSOL in 
optical data storage, nanofeatures fabricated in nano-cells of phase-change random 
access memory (PCRAM) with improved performance are fabricated. The function of 
femtosecond laser in minimizing the feature size due to its multi-photon-absorption 
and nonlinear effects are investigated. In conclusion, laser-assisted nanolithography 







p  Photon momentum 
E  Electrical field 
I  Light intensity 
J*  Magnetic current density  
K  Magnetic surface current density  
F   Scalar potential  
s  Spot size 
n  Refractive index 
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k  Wave vector 
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Chapter 1 Introduction 
CHAPTER 1 
INTRODUCTION 
1.1       Introduction 
1.1.1 Reviews on optical data storage 
The need for information storage is explosive. Fueled by multimedia demands 
for text, image, video and audio, storage requirements are growing at an exponential 
rate. With an increasing amount of information generated or captured electronically, a 
large proportion will be stored digitally. To meet this need, data storage technologies 
are developing at a fast pace. Optical data storage has existed for a long time and is 
considered as another approach together with magnetic data storage for its advantages 
in large capacity, long life time, removability, low cost, and non-contact data retrieval. 
The use of optical data storage has been a part of the computer industry for more than 
25 years as a cost effective mass-market consumable in the form of Compact Disks 
(CDs) and Digital Versatile Disks (DVDs). Its qualities have made optical data 
storage succeed in the past and the new technology developments will ensure the use 
of optical data storage for many years in the future. 
 
1.1.1.1 Technical background 
To date, commercially significant optical data storage is disk-based. Data are 
recorded onto a spinning disk. The typical method for optical recording and detecting 
is to focus a laser beam with an objective lens to write and read information on the 
recording layers. The recording layers, which contain spiral tracks of mark patterns 
that differ in reflectivity from the area among marks, are on a disk that spins under the 
objective lens. The most important factor in this system is the focused spot size s. If s 
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is small enough, the mark patterns are small and the reflected signal detected from the 
recording layer is sharp, and then the optical recording density is high.  
Unfortunately, s cannot be made arbitrarily small due to the optical diffraction 
limit. Equation (1.1) describes the fundamental diffraction limit of microscopic 




λ= ,      (1.1) 
where mEFF nAN θsin.. = , λ is the laser wavelength, N.A.EFF  is the effective 
numerical aperture of the objective lens used, n is the refractive index, and mθ  is the 
marginal ray angle when the laser irradiates through the lens. As λ decreases or N.A. 
increases, the spot size s gets smaller and the areal density increases. 
 
1.1.1.2 Conventional optical data storage  
The optical data storage industry has transited from using red lasers for lower 
density to blue lasers for higher density disks, which compares to the development of 
the optical disk from CD to Ultra Density Optical (UDO). The CD was introduced for 
digitally coded medium for audio information in the early 1980’s [2]. Compared with 
600 megabytes (MB) of CD-Read Only Memory (CD-ROM), DVD-ROM achieved a 
capacity of 4.7 gigabytes (GB), while UDO achieved 30 GB capacity with 405 nm 
lasers and lenses with an N.A. of 0.7 [3].  
The appearance of phase-change (PC) materials allows the write-once optical 
disks to develop into rewritable ones and increases the density and usage efficiency of 
optical disks greatly, such as CD- Rewritable (CD-RW) and DVD-Random Access 
Memory (DVD-RAM). Figure 1.1 shows the principle of PC recording. The PC 
materials have two phase states, amorphous and crystalline, and the crystalline phase 
 2
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state has a higher reflectivity than the amorphous state. This difference in optical 
property of two phase states makes the PC film extensively used in optical disks. 
 
 
FIG. 1.1 Overwriting method of PC optical recording. 
 
In 1968, S. R. Ovshinsky announced the new switching and memory effects on 
an amorphous thin film which includes order and disorder PC phenomena [4-6]. This 
PC memory of atomic order/disorder PC phenomena is called “Ovonic Memory”. The 
order phase state is named as crystalline, while the disorder one as amorphous. Figure 
1.2 shows the principle of PC materials and the temperature profile of the recording 
layer in amorphization and crystallization. These two phase states can be switched to 
each other by heating to some temperature cycling. The temperature needed for 
crystallization is much lower than that for amorphization.  
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FIG. 1.2 Principle of PC optical recording and the temperature profile of the recording 
layer in amorphization and crystallization states. 
 
The laser-crystallized PC materials are in one metastable state (polycrystalline), 
whose lattice structure is different from  the stable crystalline state [7]. Figure 1.3 
shows the lattice structures of (a) amorphous state, (b) crystalline state, and (c) laser-
crystallized metastable state of Ge1Sb2Te4 alloy, a popular PC material used in optical 
data storage [7,8]. It shows that the lattice structures of these three states do not have 
big differences: Ge atoms change from tetrahedral symmetry position to octahedral 
symmetry position after laser crystallizing, while Te and Sb atoms do not change their 
lattice positions. The lattice structure of the amorphous phase state is in spinel 
structure, while the laser-crystallized metastable phase is in distorted rocksalt structure, 
and the stable crystalline state is in hexagonal structure. 
 4




FIG. 1.3 The lattice structures of (a) amorphous state, (b) crystalline state, and (c) 
laser-crystallized metastable state of Ge1Sb2Te4 alloy [7]. 
 
 
1.1.1.3 Near-field optical data storage 
Despite these advances, from CD to UDO and from write-once to rewritable 
optical disks, information technology requires storage capabilities that far exceed the 
potential of these devices. High-density and high-speed storage technologies are 
expected. A technology called near-field optical data storage emerged to increase the 
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 Very small aperture lasers (VSALs) 
Very small aperture lasers (VSALs) form an aperture on one facet of a 
semiconductor laser to use the aperture as simply a loss mechanism in the resonator 
cavity [9,10]. The VSAL is mounted on a slider in order to maintain the gap height 
and couple the evanescent energy into the recording layers. With an aperture size of 
250 nm in diameter, wavelength of 980 nm, and 75 nm air gap between VSALs and 
recording layers, recording density of 7.5 Gb/in2 was demonstrated [11]. 
 Solid Immersion Lens (SIL) 
In 1994, Terris and coworkers presented dynamic solid immersion lens (SIL) 
technology [12]. The SIL approach was demonstrated to increase the N.A. above the 
theoretical upper limit of 1 in air by placing a truncated sphere after an objective lens 
[13,14]. The spherical immersion lens is made from a refractive index material, which 
makes λ decrease, mθ increase, and s to be smaller. Another property of the SIL system 
is that the ray beyond the critical angle can effectively pass into the air gap at a small 
distance before it is reflected, which is the well-known evanescent wave [15]. As the 
evanescent energy decays exponentially with propagating distance, the interested 
sample must be placed at the base (near field) of the SIL to couple the evanescent field. 
A minimum mark length in optical recording layers of 200 nm was obtained by 
Kishima et al., whose system could potentially achieve a density of 50 Gb/in2 [16].   
 Near-field scanning optical microscopy (NSOM) 
Another major activity in near-field optics is near-field scanning optical 
microscopy (NSOM) [17,18]. Due to historical reasons, the use of the term of NSOM 
is not universal. An alternative term SNOM [19,20] is used in Europe, while NSOM is 
generally accepted in North America. The term of NSOM is used in this thesis. In 
NSOM, the evanescent field is generated at the end of an NSOM fiber probe where 
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one small aperture with size from 50 to 100 nm exists. Betzig and coworkers used an 
NSOM-based optical fiber probe to create recording densities as high as 45 Gb/in2 
[21]. Shintani and coworkers demonstrated a smallest feature size of around 80 nm in 
phase change medium by an NSOM, which produced a recording density of more than 
100 Gb/in2 [22]. 
 
1.1.2 Phase-change random access memory (PCRAM) 
Besides being used in rewritable optical disks for its optical properties, PC 
materials can be used for PC memory technology due to the different electrical 
properties of its amorphous and crystalline states [23,24].   
1.1.2.1 Phase-change (PC) memory principle 
PC memory technology makes use of the wider electronic energy gap in the 
amorphous phase state of PC materials, such as GeSbTe alloy [8,25]. Figure 1.4 
shows the band diagrams of the crystalline and amorphous GeSbTe alloy. In PC 
memory, an electric pulse is applied to the PC material to switch between the two 
phase states. PC memory has a threshold switching electrical field when PC materials 
are switched from the amorphous to the crystalline phase at low voltages [26]. When 
the critical electrical field strength is exceeded, carriers fill the traps in the amorphous 
phase. This results in the formation of highly conductive filaments in the amorphous 
state and consequently leads to the phase conversion to crystalline state [27].  
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FIG. 1.4 The band diagrams of the crystalline and amorphous GeSbTe alloy. 
 
Figure 1.5 shows the write and read operations of the memory cell, including 
SET and RESET operations, in different I-V regions [24]. There are two types of 
voltage supplies: (1) short and high RESET pulses, and (2) long and low SET pulses. 
The write (RESET) operation is performed at the dynamic on-state over the threshold 
voltage (Vth) while the read (SET) operation is performed at the low current level. The 
difference in the operations between optical memory and electronic memory of PC 
materials is that the optical disk is operated in dynamic mode where the disk rotates 
with a laser scanning, while an electronic device is in static mode where the electrode 
is fixed when different pulse width voltages are applied for RESET (amorphous) and 














FIG. 1.5 I-V  characteristics of a PC memory cell. 
Reset Region (current) 








1.1.2.2 Phase-change (PC) memory device 
High performance nonvolatile memory (NVM) technology is developed for 
stand alone memory, portable electronics, and embedded applications [28,29]. The 
chalcogenide-based phase-change random access memory (PCRAM) is considered as 
one of the best candidates for next generation NVM [30,31]. PCRAM has good 
programming performance even for programmable resistor elements of nanometer size. 
PCRAM has the advantages of fast access time, low power consumption, low cost, 
long endurance, high scalability, and good data retention [4,32-34], which distinguish 
it from other emerging NVM technologies.  It is easy to integrate with the existing 
complementary metal-oxide-semiconductor (CMOS) process as well. PCRAM 
requires no energy to keep the material in either of its two stable structural states, and 
the stored data will not face the problem of data loss even when the device is powered 
off.  
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Driven by the requirement of higher recording density, the efforts on the 
reduction of cell size never stops. The memory cell size is shrinking down at a high 
speed. Now the working unit area of PCRAM is in the order of nanometers, and such 
nanocells reduce the driven energy greatly. Therefore, the investigation of methods to 
reduce PCRAM cell size is still the most important research direction up to now. 
 
1.1.3 Optical lithography applications on optical data storage 
To achieve high-density optical data storage, optical lithography 
(photolithography) technique can be utilized to fabricate nanofeatures. Although there 
are many other lithography technologies, such as X-ray lithography [35-37], ion beam 
lithography [38-40], electron-beam lithography [41-44], and nanoimprinting 
lithography [45-49], optical lithography still remains the dominant technology. 
Compared to these other lithography techniques, optical lithography has its unique 
advantages of higher throughput (one or more orders of magnitude faster), lower cost, 
more flexible working environment, and simpler operation process. However, the 
optical diffraction limit, as described in equation (1.1), is one major problem that 
photolithography has to overcome. Making use of deep UV lasers with wavelength of 
157 nm and 193 nm, sub-100 nm feature size has been demonstrated [50-55]. On the 
other hand, near-field optical lithography makes use of the evanescent energy to 
increase N.A. and leads to the reduction of the feature size. By using the near-field 
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1.2       Focus topics in this thesis 
In this thesis, the main objective is to fabricate nanofeatures by the optical 
lithography in both far field and near field. Two kinds of photolithography 
technologies will be presented: microlens array patterning and near-field scanning 
optical lithography. The potentials of these two photolithography methods in 
fabricating sub-50 nm features will be discussed and the different factors affecting the 
feature size in the two methods will be studied. The application of photolithography 
on optical data storage will be described as well. The thesis focuses on following parts:  
1.2.1 Microlens array (MLA) laser patterning  
Microlens array (MLA) is an artificial ommateum, which is similar to fly’s 
eyes comprising many small lenses. MLA consists of many miniaturized lenses with 
the same size and focal length in the order of microns. MLA has been widely used in 
many fields, such as near-contact document copier [61], collimating or focusing of 
arrays of light sources [62-64], beam steering and beam shaping [65], real-time 
imaging with laser scanning confocal microscopy [66-69], optical waveguide [70] and 
high-quality liquid-crystal display [71].  
Microlens array (MLA) laser patterning method is actually developed from the 
nanoimprinting lithography method. Nanoimprinting lithography is able to produce 
nanofeatures over large area, while facing the disadvantage of high cost of mask 
fabrication and easy contamination as a contact patterning method. To avoid such 
contact contamination, the MLA laser patterning method was developed for non-
contact patterning. Different from the high requirement on the nanostructure 
fabrication in nanoimprinting masks, the fabrication of MLA is much simpler and its 
cost is much lower. In recent years, MLA with the lens diameter of 200 µm was used 
in producing 3D photolithography in polymer [72,73] and it was found that micro- and 
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nano-features can be produced over a large area repetitively. The dominant feature of 
MLA lies in its capability of converting a collimated laser beam to a lot of spots in 
parallel at focus. The focal points act as light “pens” to write a large number of 
features simultaneously on the patterned sample, which is placed at the focal plane of 
one MLA. The major advantage of this method is the large-area uniform patterning 
with a high efficiency, low cost and simple manner. 
Since the focal length of each lens in the MLA is in the order of microns, 
MLA laser patterning is normally considered as far field processing since such 
patterning distance is much larger than the laser wavelength used. As introduced 
above, the optical diffraction limit is one major obstacle for nano-photolithography 
when using an optical lens to focus a laser beam for the patterning. Compared with 
normal optical lens, however, one should notice that the focusing energy of each lens 
of the MLA is much lower as so many tiny lenses sharing the energy of one laser 
beam. The laser energy at the focus of the microlens decreases with the diameter of 
each lens. Therefore, there is possibility to fabricate not only large and uniform but 
also nano-sized patterns breaking through the diffraction limit by utilizing the MLA 
laser patterning method. 
To apply the MLA laser patterning method to optical data storage, the PC film 
is chosen as a patterned layer in this thesis. Up to millions of tiny focal points act as 
heating sources to crystallize the as-deposited amorphous PC thin films. In this way, 
the MLA laser patterning increases the optical data recording efficiency greatly by 
recording information on the thin PC film over a large area in a short time. Besides the 
advantages of large area efficient patterning, the ability of fabricating sub-50 nm 
feature size on the PC thin film by MLA laser patterning is studied. Through chemical 
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wet etching process, phase-change lithography is developed to fabricate 3D 
nanostructures. 
 
1.2.2 Near-field scanning optical lithography (NSOL) 
Further reduction of the feature size still needs near-field lithography methods 
though it is not good at large area patterning. Near-field scanning optical lithography 
(NSOL) is developed as well to achieve smaller feature sizes, such as a system 
combining NSOM and femtosecond laser. NSOM has played an important role in 
investigating optics on the nanometer scale. It uses a fiber probe for surface 
processing and optical imaging. The NSOM fiber probe mostly employs tapered and 
aluminum-coated optical fibers with a subwavelength-sized aperture at the tapered end, 
which is first described by Betzig [21]. By piezoelectric transducers, the probe is 
brought into close proximity with the sample by a shear force loop system [74,75]. 
Due to the small aperture and nanometer distance between the probe and the sample, 
evanescent energy generated at the end of the probe arrives at the sample before 
disappearing. Therefore, NSOM overcomes the traditional far-field diffraction limit. 
NSOL making use of NSOM has been previously exploited in different materials with 
different laser systems, such as Nd:YAG laser and He-Cd laser [76-78]. However, in 
previous studies, it is difficult to make patterns with the size smaller than 100 nm due 
to the aperture size of the NSOM tip and the laser pulse duration used.  
In this thesis, femtosecond laser and NSOM will be combined to fabricate 
nanopatterns in photoresist. Femtosecond laser becomes more and more popular in 
research in recent years for its unique characteristics. Multi-photon absorption (MPA) 
effect induced by high power and ultrashort pulse duration makes the absorption 
coefficient much less than single-photon absorption in materials. Such nonlinear effect 
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is capable of confining the high optical intensity in a miniaturized region. Combining 
the unique characteristics of femtosecond laser and NSOM, there is a high possibility 
for this system to break through the previous feature size limit.  
To realize near-field optical recording in practice, the NSOM has been utilized 
to write patterns on the PC thin films directly [22,79,80]. In these efforts, writing was 
performed by applying pulsed lasers with incident power higher than 8 mW, and 60 to 
150 nm feature sizes were obtained on the PC thin film. However, surface 
deformation was also observed together with the phase change, which is due to the 
laser power used being too high. It is noted that laser power control is difficult for 
NSOM direct writing on PC films. Higher laser power will deform the PC film surface 
and damage the NSOM probe easily, while lower one cannot heat the sample up to 
phase-change temperature. In this thesis, NSOM is applied to optical data storage in 
another way. Instead of direct writing on PC films, nano-dots will be produced first in 
photoresist by NSOL. Unlike direct PC writing, photolithography requires some laser 
wavelength to which the photoresist is sensitive but not laser heating process. Then 
these nano-dots are used as the memory cells of PCRAM. PCRAM cell requires a 
small cross section area to get high current intensity, which provides high energy 
intensity to activate the switching of phase change inside the cell. The small cell size 
also results in the reduction of programming current required for the fast speed 
memory device. Therefore, NSOL can be used for producing nano-cells for PCRAM. 
 
 
1.3 Research objectives and contributions 
The major contributions of this thesis can be summarized as follows: 
• Nanofeatures with sub-50 nm size are produced uniformly over a large 
area on a PC film with high efficiency by laser irradiation through a MLA. 
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Using PC films as patterned samples can improve the recording efficiency 
greatly in optical data storage.  
• Not only two-dimensional, but also three-dimensional nanopatterns in PC 
films are produced after chemical etching. It is demonstrated that the two 
phase states of the PC film have different reactions to alkaline solution. 
• It is demonstrated that a combination of NSOM and femtosecond laser is 
able to break through the nanolithography feature size limit fabricated in 
the past. Sub-30 nm features, a resolution of λ/20 (λ: laser wavelength) and 
a/2 (a: NSOM probe aperture diameter), are produced for the first time.  
• Field distribution at different distances from the NSOM probe is studied, 
which explains the experimental results very well. It is also the first time to 
demonstrate the theoretical simulation of near-field optics through 
photolithography.   
• NSOL is applied to the PCRAM technology. It appears that the nanocells 
fabricated by NSOL can provide high performance of PCRAM, which 
proves that it is a promising way for developing PCRAM. 
 
 
1.4 Thesis outline 
Chapter 2 presents the details of the experimental setup, working mechanisms 
of equipment, sample preparation, and characterization methods. 
Chapter 3 gives a detailed study of direct nanopatterning on PC films by laser 
irradiation through a MLA. Different patterns produced by the MLA at different 
distances are studied. The effects of different laser sources on feature sizes are 
discussed. Optical and electrical properties of PC features are characterized by optical 
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microscopy (OM), near-field scanning optical microscopy (NSOM), and electrical 
force microscopy (EFM), respectively. Different reactions of amorphous and 
crystalline phase states to chemical etching are studied as well. 
Chapter 4 provides the experimental results of NSOL by NSOM and 
femtosecond laser. The near-field distribution at different distances from NSOM 
probe aperture is presented. Different parameters affecting feature size and shape are 
studied. The ability of NSOL in achieving high resolution is shown and the possible 
reasons are discussed. The application of NSOL on PCRAM is presented. 
Chapter 5 concludes the research results in this thesis. The suggestions for the 
future work are presented.  
Appendix A is the Mathematica coding of the Bethe-Bouwkamp model for 
simulation of near field distribution of an NSOM probe aperture. Appendix B presents 
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CHAPTER 2 
EXPERIMENTAL SETUP 
2.1    Experimental setup 
2.1.1 Microlens array laser patterning setup 
A microlens array (MLA) is composed of a large number of lenses. These 
small lenses have the same size and focal length on the micron scale. Figure 2.1 shows 
a MLA used in this work. The number of lenses, which are made of fused silica, is 
401×401 in an area of 10×10 mm2. The diameter of each lens is 23 µm and the lenses 
are arranged in a hexagonal array with a pitch of 25 µm. The sag of each lens is 9 μm 
in height, which is equivalent to a focal length of 28.7 µm. 
 
FIG. 2.1 Optical image of a microlens array (MLA). 
Figure 2.2 shows the schematic diagram of the experimental setup of MLA 
patterning on the phase change film. A laser beam irradiates the phase change film 
through the MLA. The distance between the MLA and the phase change film is varied 
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to study the influence of distance on the patterns created. Different laser sources and 




FIG. 2.2 Schematic diagram of the experimental setup of the MLA patterning in a 




2.1.2 Near-field scanning optical microscopy (NSOM) 
The essential part of near-field scanning optical lithography is near-field 
scanning optical microscopy (NSOM). In this project, NSOM is not only used for 
nanolithography, but also acts as one of the characterization methods. 
2.1.2.1 Fiber probe fabrication 
The concept of near-field optical microscopy was introduced in 1928 by E. H. 
Synge [1] although there were no lasers, piezoelectric elements and sub-wavelength 
size aperture at that time. The first near-field experiment was demonstrated in 1972 by 
Ash and Nicholls [2]. The aperture type near-field experiment in the microwave 
region ( 3=λ cm) showed a resolution of 60/λ . In 1984, the near-field experiment 
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was firstly employed in the optical domain by Pohl and coworkers [3]. Since then 
improvements on the near-field optical probe were at an accelerated pace. Betzig et al. 
were pioneers in this area and they introduced the single-mode optical fiber as the 
probe of the NSOM in 1991 [4-6], which is the most popular probe at present.   
The first NSOM probes were sharpened by etching in hydrofluoric (HF) acid. 
The etching process is influenced by a number of parameters, such as etchant dilution, 
etching time, and type of fibers [7-9]. The major disadvantage of this process is the 
high roughness of the fiber surface after the etching, which leads to pinholes in the 
metal coating. The common fabrication process of the NSOM probe is: first, one 
single mode optical fiber is pulled to nanometer sharpness while heating by a CO2 
laser to the desired break point; then these tapered optical fibers are coated with 100 
nm Al thin film for its high extinction coefficient to confine the laser light inside the 
fiber; finally a circular aperture is defined by the Al deposition at an angle with 
rotation, or focused ion beam milling. Because the aperture diameter is from 50 to 100 
nm, the light transmission efficiency is very low, normally from 10-7 to 5×10-5 [10]. 
Most of the energy is transferred to the Al coating outside the fiber and heats it up to 
[10]. To avoid the Al coating from being damaged by melting, a coupling 
power into the probe fiber is controlled at a low level, normally from 0.5 to 1 mW.  
Adhesion layers of Ti, Cr, Co or Ni have been applied to improve the Al coating 
damage threshold [11].   
CD470
 
2.1.2.2 Shear force control mechanism 
Since the NSOM utilizes evanescent energy, which decays exponentially with 
the distance from probe aperture, the probe should be kept in the proximity of the 
sample surface. There are two types of feedback used to maintain the proper probe-to-
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sample working distance. One method is similar to the AFM feedback system [12,13]. 
Using a cantilever probe, the force between the probe and sample is monitored by a 
beam-deflection setup. The second method uses the shear force feedback technique 
[14,15], which is the one used in the NSOM system of this work. Figure 2.3 shows the 
scanning electron microscopy (SEM) image of a NSOM probe. The fiber probe is 
fixed to a vibrating tuning fork with a short part extending out, and this part fiber is 
vibrated parallel to the sample surface at the resonant frequency of the tuning fork. 
Upon approaching to the sample surface, a damping force between the probe and the 
sample reduces the oscillation amplitude or phase.  




FIG. 2.3 SEM image of an NSOM probe attached in a tuning fork. 
 
There are many methods to detect the oscillation amplitude of the fiber probe, 
such as diffraction technique [14], interferometric technique using either a two beam 
interferometer [15] or the fiber interferometer [16]. But all these techniques utilize 
additional stray light in the vicinity of the aperture, which disturbs the measurement of 
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the near-field optical signal. An alternative method is to use piezoelectric materials 
which create a piezoelectric voltage proportional to the oscillation amplitude [17-20], 
based on the detection of the force interaction between a laterally vibrating NSOM 
probe and the sample surface. Figure 2.4 shows the schematic diagram of a 




     Tuning Fork 
 
Probe Tip 
               Near-field Illumination 
 
FIG. 2.4 Schematic diagram of a piezoelectric NSOM probe. 
 
 
2.1.2.3 Detection of near-field weak signals 
The optical signal of NSOM systems can be detected by a photomultiplier tube 
(PMT), a charge-coupled device (CCD), or an avalanche photodiode (APD) [21]. 
PMTs are commonly chosen as the detectors for high-sensitivity optical detection 
since they are very sensitive at room temperature. PMTs can be divided into cooled 
and uncooled types. Cooled PMTs are usually more sensitive to low light signals than 
uncooled ones. When a PMT is working, the amount of thermionic emission from the 
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photocathode increases, which increases the dark current,  a measurement of the 
background signal [22], and detector noise increases as well. Water cooling a PMT 
lowers the thermionic emission and lowers the dark current and detector noise. 
  
2.1.3 Near-field scanning optical lithography setup 
Figure 2.5 shows the optical images of an NSOM system (Aurora-2, Veeco) 
and the SEM image of its probe used in this project. Basically this NSOM system can 
work in the reflection and transmission modes by turning the direction of the mirror 
built inside the device. A laser source is coupled into a normal fiber, which is then 
coupled into the NSOM probe fiber through a fiber coupler. A CCD camera is used to 
observe the sample position and the approach of the probe. A PMT is set for the 
amplification of reflected or transmitted weak light signals. Figure 2.6 shows the 
NSOL experimental setup, which is an integration of a femtosecond laser and the 
NSOM system. A variable attenuator on a rotation stage is placed in front of the 
femtosecond laser to tune the laser power by varying the angle between the attenuator 
plane and light propagating direction.  A solenoid shutter controlled by the Aurora-2 
controller is placed before the objective lens. The voltage needed to control the shutter 
is 5 V. The stage movement is also controlled by the Aurora-2 controller, and the 
software for lithography is provided by the Aurora-2 system. A power meter (Melles 
Griot, 13PEM001/J) is used to measure the laser power at the entrance end of the 
coupling optical fiber. The coupling efficiency from the objective lens to the optical 
fiber is around 20%. Since the laser power output of the NSOM probe cannot be 
measured, the laser power mentioned in the NSOL part of the thesis represents the 
input energy coupled into the NSOM probe fiber.  
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FIG. 2.5 Optical and SEM images of NSOM system and its probe used. 
 
 
FIG. 2.6 Schematic diagram of NSOL experimental setup. 
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2.2 Sample preparation 
2.2.1 Phase-change (PC) thin film 
The PC thin films were coated on 0.6 mm polycarbonate substrates by a 
Balzers Cube sputtering system. The system has three independent process chambers 
and three sputtering power sources (two DCs and one RF). The phase change thin film 
was sputtered by DC magnetron sputtering methods. The distance between the target 
and substrate is 4 cm. The chamber background pressure was set as mbar. 
The prepared PC thin film was not annealed and so was in amorphous phase initially.  
7102.1 −×
 
2.2.2 Photoresist    
The photoresist used was ma-P 1205 (Micro Resist Technology), which is 
sensitive to light irradiation from 300 nm to 440 nm. The thickness of the thinnest 
photoresist coated was around 500 nm. In order to reduce the thickness of the 
photoresist layer, the thinner T-1050 was used to dilute it before coating. The dilution 
factor depends on the thickness designed, for example, a thickness of 40 nm can be 
achieved by a dilution factor of 1:4 (photoresist : thinner). The spin coating processes 
is as follows: first, the cleaned silicon was prebaked at for 3 minutes. Then 
hexamethyl disilane (HMDS) primer was deposited on the silicon substrate at a 
rotation speed of 6000 rpm for 30 seconds and followed with baking at 90 
CD180
°C for 30 
minutes. After that, diluted resist was spin-coated at a rotation speed of 6000 rpm for 
30 seconds. Finally, the sample was baked at 100°C for 1 minute. The roughness of 
the sample was about 5 nm as measured by an atomic force microscope (AFM). After 
the laser irradiation, the sample was put into a developer, ma-D 331, for 20 seconds, 
washed in DI water, and then dried by nitrogen gas. 
 
 33
Chapter 2 Experimental setup 
2.3    Laser sources  
2.3.1 Nd:YAG laser (532 nm/1064 nm, 7 ns) 
A Q-switched Nd:YAG laser (BMI industry Series 5000) laser was used as one 
of the laser sources for the surface nanopatterning. The fundamental wavelength of the 
laser is 1064 nm and it can be converted into the second harmonic generation at 532 
nm. The repetition rate can be varied from 1 to 10 Hz and the maximum output energy 
is about 1200 mJ at 1064 nm. 
 
2.3.2 Femtosecond laser (800 nm/400 nm, 100 fs) 
The femtosecond laser system used consists of a Ti: Sapphire oscillator 
(Spectra Physics Tsunami), a frequency-doubler (Spectra Physics) and a regenerative 
amplifier (Spectra Physics Spitfire), which provides high-intensity femtosecond laser 
pulses. A self-mode-locked Ti: Sapphire laser oscillator produces ~ 100 fs pulses at a 
wavelength of 800 nm and a repetition rate of 80 MHz. The oscillator provides seed 
pulses into the regenerative amplifier, which is based on chirped pulse amplification 
(CPA) technique. The pulse duration of the output beam from the amplifier is around 
100 fs with nominal wavelength at 800 nm. The repetition rate can be set from 1 to 
1000 Hz and the beam profile emitted from the regenerative amplifier is 
approximately in a Gaussian shape. A autocorrelater (Femtochrome, FR-103MN) was 
used to measure the pulse duration of the Tsunami femtosecond laser at the frequency 
of 82 MHz and a video FROG (Newport) was used to measure the pulse duration of 
Spitfire Regenerative Amplifier at the frequency of 1000 Hz. Figure 2.7(a) shows that 
the full-width-at-half-maximum (FWHM) of the autocorrelation trace is 15.704 μs. As 
the calibration factor of the autocorrelater in our measurement is 6.67 fs/μs and the 
conversion factor of the autocorrelation trace to the pulse width for Gaussian beam is 
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0.707, so the FWHM pulse width of the Tsunami femtosecond laser is equal to 
15.704x6.67x0.707=74.87 femtoseconds. Figure 2.7(b) shows that the pulse duration 
after the amplifier is 108.09 fs. The beam diameter at the laser exiting window is 
elliptical with an average diameter of 5 mm. On the other hand, the frequency-




FIG. 2.7 Measurement results of Tsunami femtosecond laser pulse. 
 
 
2.4 Characterization methods 
2.4.1 Optical microscopy (OM) 
An Olympus MX-50 optical microscope equipped up to 150 times of 
magnification and connected with a CCD camera fed into a computer with imaging 
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2.4.2 Atomic force microscopy (AFM) 
An AFM (Digital Instruments, DI 3100) for retrieving three-dimensional (3D) 
profiles of interested patterns was used in this study. AFM, also called scanning force 
microscopy (SFM), makes use of the deflection of a cantilever caused by the small 
force of interaction between the tip and the sample surface to reveal the sample’s 
topography in a 3D way, and its resolution can be down to the atomic level. It has 
three primary modes: Contact Mode, Non-contact Mode, and Tapping Mode. The 
most frequently used mode in our project is the Tapping Mode AFM for its higher 
resolution than the non-contact mode and less damage to the sample than contact 
mode. The Tapping Mode AFM operates by scanning a very fine tip attached to the 
end of an oscillating cantilever across the sample surface. The cantilever is oscillated 
at or near its resonance frequency with an amplitude ranging typically from 20 nm to 
100 nm. The frequency of oscillation can be at or on either side of the resonant 
frequency. During scanning, the tip lightly “taps” on the sample. The feedback loop 
maintains a constant oscillation amplitude by maintaining a constant root-mean-square 
(RMS) of the oscillation signal acquired by the split photodiode detector, so that a 
constant tip and sample interaction can be maintained during imaging.  
 
2.4.3 Electrical force microscopy (EFM) 
An EFM is used to characterize the electrical properties of the phase change 
thin film. Similar to the AFM, the EFM is one form of scanning probe microscopies 
(SPM). Actually all standard Dimension (DI) - series SPMs are capable of EFM 
imaging by the amplitude detection technique. The EFM equipment is the same as 
AFM: DI 3100, where the tip used in the EFM characterization is a conductive tip. 
The EFM is an electrical field measurement technique, which is based on a two-pass 
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LiftMode measurement. LiftMode allows the imaging of relatively weak but long-
range magnetic and electrostatic interactions while minimizing the influence of 
topography, as shown in Fig. 2.8. The measurements are taken in two passes across 
each scanline. Firstly, topographical data is taken in TappingMode on one trace and 
retrace. Then the tip is lifted to the final scan height and a second trace and retrace 
performed while maintaining a constant separation between the tip and sample surface. 
In this way, EFM can obtain the electrical properties for different electrical fields 
sensed by the tip at different conductive places.  
 
FIG. 2.8 Mechanism of EFM measurement in 3 steps: 1. Cantilever measures surface 
topography on the first (main) scan; 2. Cantilever raises to lift scan height; 3. 
Cantilever follows stored surface topography at the lift height above the sample while 
responding to electric influences on the second (interleave) scan. 
 
 
2.4.4 Scanning electron microscopy (SEM) 
A Hitachi S-4100 field emission SEM was used to characterize the high 
resolution topography image of interested samples. The minimum resolution of the 
SEM can reach 15 Angstroms. The accelerating voltage is in a range from 5 KV to 30 
KV, and the magnification factor can vary from 20 to 300, 000.  
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2.4.5 Near-field scanning optical microscopy (NSOM) 
In this project, NSOM (Aurora-2, Veeco) was not only used for NSOL in 
photoresist, but also acted as one of the characterization methods. Due to the nano-
sized probe aperture and distance between probe and sample, the NSOM can collect 
data using typical optical contrast methods, such as absorption, polarization, and 
fluorescence with a resolution significantly less than the wavelength beyond the 
diffraction limit [3,4,23]. The shear force feedback between the probe and the sample 
makes the NSOM to obtain morphology information of the studied surface. This 
allows for simultaneously acquisition of topographical and optical images. In the near 
field, the light waves containing the high spatial frequency information of objects do 
not propagate but decay exponentially with the distance from the object. The NSOM 
is used to detect these non-propagating evanescent waves in near field. The evanescent 
waves, which are converted into propagating waves by the probe, produce optical 
signals that can be detected by a spectrometer, an avalanche photodiode (APD), a 
photomultiplier tube (PMT) or a charge-coupled device (CCD).   
Depending upon the samples imaged, there are multiple modes of operation for 
the NSOM. Figure 2.9 displays the configurations of four NSOM modes:  
 Transmission: The light source travels through the probe aperture, and 
transmits through the sample. A transparent sample is required. 
 Reflection: The light source travels through the probe aperture, and reflects 
from the surface. Low light intensity, and tip-dependent, but allows for opaque 
samples. 
 Collection: The sample is illuminated from external light source, and the probe 
collects the reflected light. 
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 Illumination/Collection: The probe illuminates the sample and then collects the 
reflected light.  
 
FIG. 2.9 Configurations of NSOM modes: (a) transmission, (b) reflection, (c) 
collection, and (d) illumination/collection modes. 
 
The Aurora-2 NSOM system has two modes: reflection mode and transmission 
mode.  The optical signal is detected by a PMT. Although the PMT is sensitive to low 
light intensity, it is still difficult to detect the reflected light from the sample due to its 
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CHAPTER 3 
LASER NANOPATTERNING IN PHASE 
CHANGE FILM THROUGH 
MICROLENS ARRAY  
3.1 Introduction  
3.1.1 Microlens array (MLA) laser patterning 
A microlens array (MLA) consists of a large number of miniaturized lenses 
with the same size and focal length of the order of microns. MLAs have been widely 
used in many fields, such as nearly contact document copier [1], collimating or 
focusing of arrays of light sources [2-4], beam steering and beam shaping [5], real-
time imaging with laser scanning confocal microscopy [6-9], optical waveguide [10], 
and high-quality liquid-crystal display [11]. The dominant feature of a MLA lies in its 
capability of converting a laser beam into a lot of tiny focal spots at the focal plane, 
which can act as light “pens” to write up to millions of features simultaneously. In 
recent years, MLAs have been used in photolithography [12,13] and it was found that 
micro- and nano-features can be produced over a large area repetitively in a simple 
manner.  
To achieve high resolution, many kinds of nanolithography, such as electron-
beam nanolithography, ion-beam nanolithography, x-ray nanolithography [14-19], are 
developed and utilized widely, but they face challenges of low throughput and high 
cost. Nanoimprinting lithography attracts significant attention recently for its high 
throughput [20], but the complex mask fabrication process and frequent replacement 
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of masks increase the whole production cost. Since high-throughput and low-cost 
nano-patterning which allows complete freedom in fabricating nano-patterns is still 
the target of nanolithography techniques, MLA laser patterning technology is 
proposed in this thesis for its ability to fabricate thousands, even millions (depending 
on the size of the MLA and the number of microlenses) of arbitrary patterns uniformly 
over a large area in just a few seconds. Its freedom on nanopatterning is similar to 
nanoimprinting lithography, but the MLA laser patterning method is more attractive 
for its non-contact nature and low requirement on masks. MLA laser patterning is one 
of the far-field photolithography methods, which uses higher propagating energy 
rather than evanescent laser energy used in near-field exposure. Normally far-field 
photolithography can achieve deeper features but have to compromise on the feature 
width due to the optical diffraction limit. 
In this chapter, the ability of MLA laser nanopatterning method to achieve sub-
50 nm feature size will be presented. The effects of different laser sources and laser 
powers/fluences on the features will be described. Phase-change (PC) thin films are 
chosen for its popularity as an optical data storage material. The large area patterning 
on the PC film will greatly increase the optical recording efficiency. MLA 
nanolithography combined with a wet chemical etching method is developed to 
produce three-dimensional (3D) nanostructures in the PC thin films [21]. 
 
3.1.2 Characterization methods of PC film 
Optical microscopy, near-field scanning optical microscopy (NSOM), 
electrical force microscopy (EFM), and atomic force microscopy (AFM) were used 
for characterization of the optical, electrical, and morphological properties of phase-
change (PC) films respectively. It is well known that two phase states, the amorphous 
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and crystalline states of PC materials, can transform into each other by heat treatment. 
Different optical and electrical properties of these two states of PC materials make it 
not only widely used in optical data storage, but also as a prime candidate for random 
access memory (RAM), which serves as a future alternative to conventional 
complementary metal-oxide semiconductor (CMOS)-based memories.  




































FIG. 3.1 Dependence of reflectivity and transmissivity of GeSbTe thin film on 
annealing temperature [22]. 
 
For the optical property of PC materials, the crystalline phase state has a 
higher reflectivity and lower transmittivity than the amorphous state, as shown in Fig. 
3.1 [22]. The Optical microscopy can observe micro-patterns, while the NSOM is able 
to characterize nano-patterns because of its high resolution. In this chapter, an NSOM 
in the transmittance mode was used to characterize the PC features. On the other hand, 
the EFM was applied to characterize the electrical property. As described in Chapter 2, 
the mechanism of the EFM makes it possible to obtain the electrical properties for 
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different electrical fields sensed by a conductive tip at places with different phase 
states. The amorphous phase has a much higher resistivity than the crystalline phase 
because of the lower carrier mobility and smaller carrier concentration in the 
amorphous phase [23]. The electrical forces between the sample and conductive tip 
are different among the crystalline patterns and the amorphous surrounding, which can 
be observed by an EFM. 
 
3.2 Talbot effect  
The Talbot effect was reported by H. F. Talbot in 1836 [24]. Talbot studied the 
interference of light through a grating and found that the intensity distribution after the 
grating repeats itself periodically at multiples of a characteristic distance, which was 
called the Talbot length. The Talbot effect is a phenomenon which is found in all 
periodic structures, including a MLA [25,26].  Due to the Talbot effect, the 
interference between microlenses at non-focal planes produces multiple foci. It means 
that besides the original (main) foci of the microlenses of the MLA, many sub-foci 
appear among the main foci. The light intensity at the sub-foci is much smaller than 
that at the main-foci. At different MLA-to-sample working distances, the foci 
distribution is quite different [26]. The foci at the focal plane of the MLA form a 
periodic array, which is the same as the microlens arrangement and the focal plane is 
set as . The complex wave amplitude 0=z )0,,( =zyxu of the foci can be represented 
by the convolution of the wave amplitude of a single lens focus and the array 
generating function : 
),( yxA
),( yxg
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Mzyxu ,]2exp[,, ,,,λπ .   (3.2) 
In this equation, zT is the Talbot length (the distance where intensity distribution 
repeats itself immediately after the focal plane) [24], M and N are non-negative 
integers, p is the period of the microlens and F is the complex factor, which is 
responsible for multiple foci at the fractional Talbot plane.  The light intensity I is 






pkxAFzyxI −−∝ .              (3.3) 
The intensity at one single lens focus is proportional to 2A , and its peak is at the 
centre of the axis. If A is zero in the range outside 
N
p , there will be no overlap 
between the multiplied functions. A and the intensity at each focus are same and 
proportional to 2F ; if A is non-zero in the range outside 
N
p , overlap will happen and 
the intensity depends on both 2F  and 2A , which leads to the multiple foci on the 
fractional Talbot planes with different intensities. If only one Talbot length is 
considered, 1=M  and TzNz
1= . When N is large, where z is small, i.e. the fractional 
Talbot plane is very near to the focal plane, 2A  outside the range of 
N
p  is large and 
interference effect is great. 
Figures 3.2 (a) ~ (d) show the optical microscopy images of a series of laser-
crystallized dot features on Ge1Sb2Te4 (GST) films and (e) the MLA used. The dot 
features were fabricated by Nd:YAG laser (532 nm) irradiation at a laser fluence of 
39.4 mJ/cm2, with the PC film placed at different distances from the MLA. The laser-
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crystallized features display higher reflectivity than the amorphous surroundings. 
Since the distances between the MLA and the GST films were only about tens of 
microns, it was difficult to measure the exact distance. Only the qualitative 
relationship between distance and feature arrangement was considered in this chapter. 
When the PC film was placed at the focal plane, the dot features were patterned by the 
foci of the lenses directly and the feature size was around 1 µm, as shown in Fig. 
3.2(a). When the sample was placed away from the focal plane, multiple foci resulted 
in extra dot features as well as different dot feature sizes, as shown in Figs. 3.2(b) ~ 
(d). The largest dot features were created by the foci of the microlenses, while the 
smaller features were due to the interference at the fractional Talbot planes. As 
discussed above, a shorter separation distance leads to a greater interference and more 
multiple foci, so the features shown in Fig. 3.2(b) were obtained at the nearest distance 





5 µm 5 µm
     5 µm  5 µm 
   (a)    (b) 
   (c)   (d) 
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FIG. 3.2 (a ~ d) A series of optical micropatterns produced in the PC thin film by the 
MLA with a Nd:YAG laser (532 nm) fluence of 39.4 mJ/cm2 at different distances 
between the MLA and PC thin film after the focal plane, and (e) MLA used.  
 
 
The Talbot effect appears at the plane after the focal plane. When the patterned 
film is put at a position before the focal plane, no Talbot effect (interference) but 
diffraction effect of each lens in the MLA is found. Figure 3.3 shows the reflection 
optical images of dot features on GST film fabricated with the femtosecond laser at a 
laser power of 140 mW with 100 pulses at different distances to the MLA. The 
arrangement of dot features is the same as the MLA, which suggests that these dot 
features were produced by the foci of the MLA. The rings appearing around the dots 
mean that there is diffraction effect, and the pattern in Fig. 3.3(c) was nearest to the 
MLA. 
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 (b) (a) 
5 µm  5 µm       
    5 µm
(c) 
 
FIG. 3.3 Reflection optical images of dot features on Ge1Sb2Te4 film fabricated with a 
femtosecond laser at a laser power of 140 mW with 100 pulses at different distances to 
the MLA before the focal plane.  
 
 
3.3 MLA laser patterning 
3.3.1 Theoretical focal spot size   
The minimum focal spot size of the lens depends on several factors, as 
described in equation (3.4) below, where M2 denotes the laser beam profile quality, λ 
the laser wavelength, f the focal length, and d0 the size of the lens. The laser beam can 







λ=     (3.4) 
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When the lens parameters are fixed, the minimum focal size dmin increases linearly 
with the wavelength linearly. 
 
3.3.2 Features produced by different lasers  
3.3.2.1 Nanosecond laser (Nd:YAG laser, 532/1064 nm, 7ns) 
Nd:YAG lasers of different models: BMI 5000 (pulse repetition rate 10 Hz, 
pulse duration 7 ns) with fundamental and second harmonic generation at wavelengths 
of 1064 nm and 532 nm respectively; Lightwave laser (Series 210G, wavelength 532 
nm, pulse repetition rate 1 kHz, pulse duration 40 ns); AVIA laser (wavelength 355 
nm, pulse repetition rate 1 kHz, pulse duration 100 ns) were used to irradiate the GST 
film through the MLA to study the wavelength effect on the pattern size. Initially 
amorphous as-deposited GST film was crystallized by laser irradiation. For the 
wavelengths of 1064 nm and 532 nm, the calculated minimum focus spot sizes were 
about 1690 nm and 845 nm, respectively. For each wavelength, laser fluences from 
the highest to lowest were tested for the laser nanopatterning. Since the phase change 
transition temperature of GST film from the amorphous to crystalline state is around 
200 oC, too high an incident laser fluence will ablate the GST film and form holes.  
Figure 3.4 shows the dependence of the laser-crystallized feature size in 
Ge1Sb2Te4 film on the incident laser fluence of second harmonic generation of BMI 
Nd:YAG laser (wavelength 532 nm). It shows that the pattern size increases with laser 
fluence almost linearly, which was also observed when using other Nd:YAG lasers, 
such as BMI laser with 1064 nm, Lightwave laser with 532 nm, and AVIA laser with 
355 nm. Table 3.1 shows the calculated minimum focal spot sizes and smallest feature 
sizes fabricated by the Nd:YAG lasers with different wavelengths: 1064 nm, 532 nm, 
and 355 nm. It appears that the feature sizes obtained increase with the wavelength, 
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which is similar as the dependence of focal spot size on wavelength. However, the 
smallest feature sizes fabricated are much smaller than the calculated focal spot size. 
For 1064 nm wavelength, the minimum experimental feature size is only around one 
third of the calculated focal spot size. For 532 nm and 355 nm wavelengths, the 
minimum fabricated feature sizes are around 40% of the calculated minimum focal 
spot size. This comparison suggests that the feature size can be lower than the limit of 
the minimum focal spot size. The conversion of two phase states is produced by the 
heat treatment. Laser irradiation is used to heat the PC film to reach the phase change 
critical temperature. The affected area can be smaller than the focal spot size of the 
lens by controlling the incident laser fluence at a sufficiently low level such that only 
the peak power at the center of the beam can heat the PC film to the critical transition 
temperature. 
It can also be observed from Table 3.1 that though the minimum feature size 
by nanosecond laser irradiation is much smaller than the minimum focal spot size 
calculated, it cannot break through the optical diffraction limit: λ/2 by this MLA. It is 
found that making use of a MLA with 1 μm diameter lenses, λ/3 feature size can be 
achieved in photoresist by excimer laser irradiation (248 nm) [27], but it is difficult to 
get such high resolution by utilizing this MLA with 23 μm diameter lenses (Fig. 3.2(e)) 
using nanosecond laser. Therefore, a femtosecond laser is used instead in the 
following section to study the possibility of combining a femtosecond laser with a 
MLA to produce nanofeatures to break the optical diffraction limit. 
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Table 3.1 Calculated minimum focal spot sizes and smallest feature sizes fabricated by 
Nd:YAG lasers with wavelengths of 1064 nm, 532 nm, and 355 nm. 
 
Laser Model BMI Lightwave AVIA 
Wavelength (nm) 1064 532 355 
Minimum focal spot size calculated (nm) 1690 845 564 
Smallest feature size obtained in experiments (nm) 512 360 220 
Experimental spot size/calculated minimum focal 
size 30% 42% 39% 
 
 
3.3.2.2 Femtosecond laser (800 nm, 100 fs) 
As introduced in Chapter 2, the ultrashort pulse duration of the femtosecond 
laser is capable of producing different phenomena from the nanosecond lasers. Figure 
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3.5 shows the dependence of feature size on GST film on exposure time. The dot 
features were fabricated by the femtosecond laser with different numbers of irradiation 
pulse ranging from 60 to 100 at an interval of 10 pulses at a laser power of 200 mW. 
The feature sizes are 400, 680, 890, 1080, and 1220 nm, respectively. They increase 
with the number of laser pulses nonlinearly. This increase trend is different from the 
linear dependence of feature size on laser fluence produced by the Nd:YAG laser. 
Unlike nanosecond lasers, the femtosecond laser has a high peak intensity with very 
short pulses, which leads to nonlinear effects. Many interesting nonlinear phenomena 
have been observed with the femtosecond laser pulses, such as supercontinuum 
radiation [28], third-harmonic generation as the pulse duration is in femtoseconds 
scale [29-31], and electrical conductivity of plasma channels [32,33]. From the 
experimental measurement and theoretical model of nonlinear laser absorption by 
linearly polarized ultrashort pulses, the dependence of acoustic signal measured on 
laser energy is shown in Fig. 3.6 [34]. The acoustic signal is created by the interaction 
of femtosecond laser pulses and materials. From this curve, it is clear that the 
absorption of the nanosecond laser is linear while that of the femtosecond laser is 
nonlinear, which agrees with the data shown in Figs. 3.4 and 3.5. Therefore, it is due 
to nonlinear absorption induced by high-power femtosecond laser pulses that make the 
feature size on the PC film increase nonlinearly.  
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Pulse Number  
FIG. 3.5 Dependence of feature size on a GST film on number of pulse of irradiation 
with a femtosecond laser. The dot features were fabricated by different numbers of 




FIG. 3.6 Dependence of the peak of acoustic signal on laser energy. Circles - 
nanosecond pulses, squares - femtosecond pulses, solid line – model [34]. 
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3.3.3 Arbitrary patterning over a large area 
By combining with a nanostage, arbitrary features can be patterned over a 
large area uniformly with the proper programming. Figure 3.7 shows the reflection 
optical image of an array of field effect transistor (FET) patterns, which were 
fabricated on GST at a laser power of 200 mW with the line scanning at a speed of 
300 µm/min, and the inset is an enlarged image, which shows that the gate line width 
is around 200 nm.  
 
FIG. 3.7 Reflection optical image of the FET patterns fabricated on GST thin film 
with femtosecond laser irradiation at a laser power of 200 mW and a scanning speed 




    2 µm 
 
      10 µm 
 
 
3.4 Electrical and optical Characterization  
3.4.1 Electrical property characterized by EFM  
Figure 3.8 shows an EFM image in the phase mode and the line profile of one 
dot feature. These laser-crystallized dot features on GST film were fabricated with a 
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femtosecond laser irradiating through a MLA at a laser power of 200 mW for 100 ms, 





FIG. 3.8 (a) Phase mode EFM image and (b) line profile of one dot feature in (a) of 
crystalline dot features in the GST thin film produced by the femtosecond laser 
irradiation through a MLA at a laser power of 200 mW for 100 ms. 
 
Applying a voltage of 5 V on the patterned GST film, the conductive probe 
detected different electrical forces from the crystalline and amorphous phases due to 
their different resistivities, as shown in Fig. 3.8(a). The “phase” signal in EFM is the 
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cantilever amplitude signal, which is proportional to the electrical force and resistivity 
as well. Multiplying the applied voltage and the “phase” difference, the resistivity 
difference between the amorphous and crystalline states can be estimated. The line 
profile of Fig. 3.8(b) shows that the “phase” difference between the crystalline dot and 
the amorphous film is around 0.6°. Since the voltage is 5 V, the resistivity of the 
amorphous phase in the film is about 3 times that of the crystalline phase. This 
resistivity ratio is high enough to be used in PC memory fabrication [35].  
 
 
FIG. 3.9 3D EFM images of dot patterns on the PC thin film fabricated by 
femtosecond laser irradiation through the MLA with the same incident laser power of 
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Figure 3.9 are 3D EFM images of single dot features shown in the 
accompanying optical images. The ring structures are shown clearly in the EFM 
images. The possible reasons for these ring structures were explained in section 3.2.  
 
 
3.4.2 Optical property characterized by NSOM  
The optical properties of the amorphous and crystalline states of PC film can 
be characterized by optical microscopy and NSOM. The optical microscopy can 
characterize features with size down to a few hundreds of nanometers, as shown in 
Figs. 3.2, 3.3, and 3.6. In these reflection optical images, the crystalline features are in 
brighter colors due to their higher reflectivities. When the feature size is smaller than 
200 nm, an NSOM is used for characterization because conventional optical 
microscopy cannot reach such high resolution. Figure 3.10 are (a) 3D transmission 
NSOM image and (b) 3D topography image of an array of laser-crystallized dot 
features. The crystalline features on GST film were fabricated by femtosecond laser 
irradiation through the MLA at a laser power of 200 mW for 100 ms. Since the pitch 
of the MLA is 25µm, the dot features in Fig. 3.10 were fabricated by moving the 
nano-stage (Model: ALS130-100-LTAS-NC, Aerotech), on which GST film was 
placed, at steps of 1 µm along x and y axes. The lower PMT output (in voltage unit, 
dark color) in the transmission NSOM image in Fig. 3.10(a) means that the crystalline 
state features have lower light transmissivity than the amorphous phase state. The 
topography image shows that there is no morphology change but only phase change 
on the patterned PC film. 
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FIG. 3.10 (a) 3D transmission NSOM image and (b) 3D topography image of 
crystalline dot features in the GST thin film produced by the femtosecond laser 
irradiation through a MLA at a laser power of 200 mW for 100 ms. 
 
 
3.5 Three dimensional PC lithography by wet chemical etching 
In this section, the patterned PC films were etched by alkaline solutions to 
form 3D structures. It is found that not only the amorphous and crystalline phase 
states have different reactions to such wet etching, but PC materials with different 
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elements also have different reactions. The effect of chemical etching on Ge1Sb2Te4 
film and Sb2Te3 film are described in the following sections.  
3.5.1    Ge1Sb2Te4 film 
Figure 3.11 shows (a) 3D AFM image of a FET structure, (b) 3D AFM image 
and (c) SEM image of pillar array after patterned Ge1Sb2Te4 film with 30 nm of 
thickness after being dipped into a 30% NaOH solution for 1 minute. The dot features 
were fabricated by different numbers of laser pulses ranging from 60 to 100 at 
intervals of 10 pulses with a femtosecond laser at a laser power of 200 mW. The 
feature sizes are 400, 680, 890, 1080, and 1022 nm, respectively. The NaOH solution 
etched away the amorphous area in the Ge1Sb2Te4 film, while the laser-crystallized 
dot features were left to form the pillar-array with a uniform height of 30 nm, which 
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FIG. 3.11 (a) 3D AFM image of FET structure, (b) 3D AFM image and (c) SEM 
image of pillar array after the patterned GST film dipped into 30% NaOH solution for 
1 minute. The dot features were fabricated by different irradiation pulse numbers from 
60 to 100 at an interval of 10 and a laser power of 200 mW.  
 
The period between the dot features fabricated in Fig. 3.11 is 2 µm. Figure 
3.12 are 3D AFM images of pillar-arrays with a period of 1 µm, which were patterned 
with a femtosecond laser at a laser power of 200 mW with (a) 70 pulses and (b) 90 
pulses, respectively. Figure 3.12(c) is the line profile of one dot of the feature in Fig. 
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3.12(b). The pillars in Fig. 3.12(a) were also the results of wet etching in 30% NaOH 
solution for 1 minute. The heights of pillars in Figs. 3.12(a) ~ (b) were both 30 nm, 







Chapter 3 Laser nanopatterning in PC film through microlens array 
 
(c) 
FIG. 3.12 3D AFM images of the pillar-array with a period of 1 µm, which were 
patterned by a femtosecond laser at a laser power of 200 mW with (a) 70, (b) 90 
pulses and then wet etched by 30% NaOH solution, and (c) line profile of one dot of 
(b).  
 
When the laser power or pulse number was increased, the dot features became 
so large that they were connected to one another, as shown in Fig. 3.12(b). After 
NaOH solution etching, the small amorphous areas among the laser-crystallized dots 
were etched away to form nano-sized holes. The line profile measurement shows that 
the depth of the hole was 30 nm, while the size at the bottom of the holes was only 8 
nm. Such a tiny hole is very useful for the fabrication of nano-sized structures with the 
combination of further etching or deposition processes.  
         Circular walls instead of pillar arrays were formed after the Ge1Sb2Te4 film 
with ring features was dipped into a 30% NaOH solution. Figure 3.13 is (a) a 3D AFM 
image and (b) a SEM image of ring-wall features that appeared after the patterned 
Ge1Sb2Te4 film was etched by NaOH solution. The ring features in the Ge1Sb2Te4 film 
were patterned with the femtosecond laser at a laser power of 200 mW with 90 pulses 
by placing the film before the focal plane.  
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      2 µm 
(b) 
FIG. 3.13 (a) 3D AFM image and (b) SEM image of ring-wall features patterned with 
a femtosecond laser at a laser power of 200 mW with 90 pulses and then wet etching 
by 30% NaOH solution. 
 
KOH solution at the same concentration as NaOH solution was found to have 
the same etching effect on the Ge1Sb2Te4 film, where the amorphous phase states were 
etched away while the laser-crystallized phase states not. The results presented above 
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suggest that an alkaline solution has a high etching selectivity on the amorphous and 
crystalline states of Ge1Sb2Te4 film. The amorphous phase is etched away in the 
alkaline solution in less than 3 minutes for 100 nm film thickness. When the etching 
time was increased, however, one interesting phenomenon was found. Figure 3.14 
shows the dependence of the height of the amorphous layer and laser-crystallized 
features in 100 nm Ge1Sb2Te4 film on the etching time, from 0 to 600 seconds. The 
etchant was 30% KOH solution. After the first 160 s of etching, the amorphous phase 
state of the Ge1Sb2Te4 film was etched away completely while the laser-crystallized 
features was not. After 160s, it was found that the laser-crystallized features began to 
react with the alkaline solution slowly. This observation showed that both the 
amorphous and laser-crystallized phase states of the Ge1Sb2Te4 film have reactions to 
the alkaline solution, with the laser-crystallized phase state reacting much more slowly. 
The reaction of the laser-crystallized phase states to the alkaline solution begins only 
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FIG. 3.14 Dependence of the height of the amorphous layer and laser-crystallized 




3.5.2 Sb2Te3 film 
Different reaction with the alkaline solution to Ge1Sb2Te4 film was found at 
Sb2Te3 film. Figure 3.15 is a topography image of a Sb2Te3 film patterned with the 
femtosecond laser at a laser power of 200 mW with 50 pulses and then etched by a 
30% NaOH solution for 30 seconds. It was the laser-crystallized features that were 
etched away in the alkaline solution for Sb2Te3 film. Holes instead of pillars were 
obtained in the film with full-width-at-half-maximum (FWHM) of around 160 nm and 
depth of around 46 nm. 
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FIG. 3.15 AFM image of a Sb2Te3 film patterned with a femtosecond laser at a laser 
power of 200 mW with 50 pulses and then etched by 30% NaOH solution for 30 
seconds. The FWHM is 160 nm and depth is 46 nm in average. 
 
 
Besides having a different etching selectivity from the Ge1Sb2Te4 film, the 
etching rate of the Sb2Te3 film is also quite different. The experiments showed that the 
crystalline features of the Sb2Te3 film with 100 nm of thickness were etched away in 
less than 100s, while the roughness of the etched film increased quickly as well. Table 
3.2 lists the dependence of mean roughness and depth of holes in the Sb2Te3 film on 
etching time by a 30% NaOH solution. The roughness was measured over a 10 µm  × 
10 µm area. The depth of holes and the roughness of Sb2Te3 film increase together 
with etching time. It suggests that not only the crystalline phase state of Sb2Te3 film is 
etched away by the alkaline solution, but only the amorphous phase also reacts to it 
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Table 3.2 Dependence of mean roughness and depth of holes in the Sb2Te3 film on 
etching time by a 30% NaOH solution. 
 
Etching time (s) Mean Roughness (nm) Depth (nm) 
5 1.428 19.687 
10 2.097 23.681 
15 2.557 23.762 
20 4.332 28.987 
25 5.709 34.042 
30 7.558 45.961 
 
 
3.5.3 Reaction of PC film to alkaline solution 
Table 3.3 summarizes the different reactions of Ge1Sb2Te4 and Sb2Te3 films to 
alkaline solutions, such as KOH and NaOH. The big difference between these two 
films is that it is the amorphous phase of the Ge1Sb2Te4 film, while it is the laser-
crystallized phase of the Sb2Te3 film that is etched away by the alkaline solution. It is 
a common phenomenon that alkaline solutions are used for etching away the 
crystalline state in semiconductors, such as silicon [36-38]. The reaction of Sb2Te3 
films to alkaline solutions is similar to the normal reaction of silicon but the selectivity 
is worse, while the Ge1Sb2Te4 film has the opposite reaction but with good selectivity 
(before the amorphous state is etched away completely). The studies of the structural 
models of amorphous and crystalline phases of Ge1Sb2Te4 film by other researches 
lead to the conclusion that the crystalline structure is more stable than the amorphous 
phase [39-41].  However, similar to the etching selectivity of fused silica to alkaline 
solution or hydrofluoric acid, it is still difficult to fully understand the mechanism 
 69
Chapter 3 Laser nanopatterning in PC film through microlens array 
responsible for the different reaction of Ge1Sb2Te4 alloy to other semiconductor 
materials.  
 
Table 3.3 Reaction of Ge1Sb2Te4 and Sb2Te3 films to alkaline solution 
 
Films etched by 
alkaline solution Amorphous Crystalline 
Final structure 
obtained 
Ge1Sb2Te4 Etched away in 160 s 
Almost inert before 
amorphous parts were 
etched away 
completely 
Pillars or bumps 
(small features) 
Sb2Te3
Reacted with low 
speed, leading to 
increasing roughness 
Etched away in less 
than 100 s Holes 
 
 
3.6 Fabrication of nano-features  
In section 3.3.2, the investigation of the use of nanosecond and femtosecond 
laser irradiation in fabricating features through a MLA suggested that the femtosecond 
laser has quite different effects on the feature size obtained. The femtosecond laser has 
proved its ability in producing fine features in photolithography due to the natures of 
its ultrashort pulse and extremely high peak power intensity [42-45]. The multiphoton 
absorption (MPA) effect of the femtosecond laser makes the absorption coefficient for 
the multiphoton process less than 0.04% of that for the single-photon process, which 
is capable of confining the high optical intensity in a miniaturized region [42]. These 
unique characteristics of the femtosecond laser make it possible to overcome the 
optical diffraction limit to fabricate millions of nano-features through a MLA.  
According to the optical diffraction limit, the minimum beam diameter for 800 
nm wavelength laser irradiation after microlens focusing is around 1.27 µm. Figures 
3.5 and 3.10 show that the femtosecond laser irradiation can be used to define much 
smaller feature sizes down to 400 nm at a laser power of 200 mW for 60 pulses 
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irradiation. Since PC transformation is determined by temperature, lower laser power 
and fewer pulses will transfer less laser energy to the sample. The MPA effect of the 
femtosecond laser makes it possible to fabricate much smaller feature sizes. Figure 
3.16 shows the line profile of a dot feature of 95 nm with its FWHM of 55 nm, and 
height of 17 nm. The irradiation laser power was 80 mW and the pulse number was 50. 
The film was dipped into a 30% NaOH solution for 1 minute. Unlike the pillar shape 
features observed in Fig. 3.10, this sub-100 nm feature was more like a hill shape, and 
the height was much less than 30 nm (film thickness). This is partly due to the much 
lower laser power and fewer irradiation pulses applied to the patterning, where the 
femtosecond laser and heat flow dynamics in PC film play major effects. PC recording 
is one of the thermal-mode recording methods, for which PC transformation is due to 
thermal diffusion. Normally the heat transferred by the laser irradiation redistributes 
inside the film through thermal diffusion before the laser pulse ends. However, the 
pulse duration of the femtosecond laser is much shorter than the thermal diffusion 
time, which results in incomplete redistribution of the absorbed laser energy in both 
horizontal and vertical directions. Meanwhile, the ultrashort pulse duration makes the 
energy for the heating of the sample deposited in less than a hundred femtoseconds 
(10-13 s) at a rapid cooling rate. Such steep temperature gradient makes it difficult for 
heat to flow and thus confine the heat inside a smaller area of the PC film. Such 
incomplete PC transformation is aggravated by the low laser power and fewer 
irradiation pulses. It leads to the “hill” shape rather than the pillar shape of crystalline 
feature with 55 nm FWHM. To further decrease the lithography feature size down to 
50 nm, a shutter with a higher response speed and a MLA with a smaller lens diameter 
are required, and the chemical etching time has to be fine tuned as well. Such PC 
nanolithography shows the advantages over other lithography techniques for its high 
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speed and uniform nano-patterning over a large area for high-throughput and low-cost 
nano-device fabrication.  
 
FIG. 3.16 Line profile of a “hill” feature with a size of 95 nm and a full width at half 
maximum (FWHM) of 55 nm, and a height of 17 nm. It was fabricated at a laser 
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CHAPTER 4 
FEMTOSECOND LASER NEAR-FIELD 
SCANNING OPTICAL LITHOGRAPHY  
4.1      Introduction to near-field optics 
In classical optics, it is well known that the optical diffraction limit makes light 
to be confined into a linear dimension larger than a half of the light wavelength [1]. 
This optical diffraction limit can be regarded as a specialization of Heisenberg’s 
uncertainty principle with respect to position Δx and momentum Δpx of a photon [2]: 
2x
hp x .πΔ Δ ≥                (4.1) 
Here x and refer to any of the three components of the position and the momentum 
vectors, respectively. In a given medium i, the three components of the wavevector 
must satisfy the relationship: 
xp
k
                                (4.2)
  
,2222 zyxi kkkk ++=
where 0/2 knk iii == λπ , with iλ the wavelength in the medium i,  the refractive 
index, and  the wavevector in vacuum. 
in
0k
A small focal spot size is obtained by confining the laser light in a small 
volume; but the light confinement becomes severe in the classical optics, which only 
involves freely propagating photons. The free photon propagation is characterized by 
a k-vector whose three components are all real values, then , , and cannot be 
larger than according to equation (5.2). However, if the respective component(s), 
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like can be much larger than xk ik . This is called an evanescent wave, which is 
excited preferentially at the boundary of two different media. Such a strong 
evanescent wave decays rapidly in an exponential order with the traveling distance. 
Therefore, they are dominant only in a very small region close to the interface of the 
media. For this reason, the field is also called the optical near field.  
Considering a small object with transmittance f(x, y, 0), the spatial frequency 
spectrum F(u, v) can be expressed as [3] 
                              F (u , v) =  ,  (4.3) ∫ ∫∞
∞−
+− dydxeyxf vyuxj )(2)0,,( π
where u and v are spatial frequencies. Due to its small size, the object’s spectrum 
contains frequencies from zero to infinity.  If it is illuminated by a plane wave, the 
field U(x, y, 0) just behind it can be expressed as 
                                                U(x, y, 0) ≡  f(x, y, 0),       (4.4) 
which can be described as the inverse Fourier transform of the spatial frequency 
spectrum, 
                                  U(x, y, 0) =  .  (4.5) ∫ ∫∞
∞−
+ dvduevuF vyuxj )(2),( π
Therefore, the field at the object can be regarded as a superposition of plane waves 
propagating in the direction k = (kx, ky, kz) = (α, β, γ) λ
π2 , with the direction cosines, 
                                  α = λ u,   β = λ v   and   γ = 221 βα −− .       (4.6) 
Equation (5.3) contains the angular frequency spectrum of the object field U(x, y, 0).  
With the observation plane at the distance of z, U(x, y, z) can be written as 













221 βα −−jkze ,       (4.7) 
revealing that only a limited range of angular frequencies propagate in the z-direction. 
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(i) For α2 + β2 < 1: The argument of the exponential function in equation (4.7) is 
imaginary corresponding to a sinusoidal wave propagating in the z-direction towards 
the observation plane. 
(ii) For α2 + β2 > 1: Equation (4.7) can be rewritten as: 













221 βα −−−kze ,  
       (4.8) 
where the argument of the exponential function is real, resulting in the exponential 
decay of the amplitude of the wave in the z-direction.  As α and β are proportional to 
the spatial frequencies u and v, low spatial frequency (as described in condition (i)), 
and thus low angular frequency waves propagate in the z-direction towards the 
observation plane (far-field components) and high spatial frequency components 
(condition (ii)) are only present near the sample and decay exponentially in the z-
direction.  Therefore, in this “near-field zone”, non-propagating and high spatial 
frequency components (evanescent waves) of the electric field distribution can be 
detected and used.  
 
4.2       Near-field scanning optical lithography (NSOL) 
4.2.1 Introduction of NSOL 
With the development of near-field optics, near-field scanning optical 
microscope (NSOM) plays an important role in investigating optical phenomena in the 
nanometer scale. Its nano-sized aperture and nano-distance between its probe and the 
sample surface provide the NSOM with the ability to overcome the optical diffraction 
limit. The NSOM has been widely used in the fields of semiconductor and biology for 
optical property nano-characterization. The NSOM can provide information on near-
field photoluminescence (PL), electroluminescence (EL) and photoluminescence 
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excitation (PLE) of semiconductor devices, and measure dynamics, spatial variation, 
and diffusion of energy and charge carriers in organic electro-optical devices [4-8]. 
For the NSOM characterization, the topography and optical signal of studied samples 
can be obtained simultaneously. Such comparison between morphology and optical 
characteristics makes the optical property of the sample shown clearly.  
In addition to nano-characterization, the nanometric features of the probe 
makes NSOM a potential tool for surface nano-modification and the manipulation of 
nanometric objects as well. Recent research on NSOM applications for surface nano-
structure fabrication can be classified into the following areas: (i) near-field exposure 
and development of conventional photoresist or polymer; (ii) near-field exposure of 
ultra-thin photosensitive layers; and (iii) magneto-optical recording in the optical near 
field [9-15]. The near-field scanning optical lithography (NSOL) discussed in this 
thesis belongs to the first kind. From the literature review, it is found that the smallest 
feature size obtained in photoresist/polymer layer was reported around 70 nm in 60 
nm thick SU-8 polymer (ref. 11). By replacing the photoresist/polymer with some 
specially prepared materials, 20 nm feature size was fabricated (ref. 14). The NSOL 
technique makes use of the evanescent wave excited at the aperture of a NSOM fiber 
probe to expose photoresist for nanolithography.   
Besides making use of different lithography materials, different kinds of laser 
sources were used for the lithography, such as He-Cd laser (325 nm), Ar+ laser (488 
nm), and femtosecond laser (800 nm). It was difficult for nanosecond laser sources to 
break through the 100 nm feature size limit, while with a femtosecond laser of 800 nm 
wavelength, 70 nm feature size was obtained (ref. 11). It leads to the assumption that 
shorter pulse duration can contribute to minimize the feature size. Since the feature 
size relates to wavelength as well, the second harmonic generation of the femtosecond 
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laser is chosen as the light source for nanolithography in this chapter. The photoresist 
ma-P 1205 used is sensitive to light radiation from 300 nm to 440 nm. The unique 
characteristics of this femtosecond laser will be discussed in the following sections.  
4.2.2 Fabrication of arbitrary lithography patterns  
In this section, the application of the Aurora-2 NSOM system in fabricating 
arbitrary patterns in photoresist is presented. Figure 4.1 shows the 3D atomic force 
microscopy (AFM) image of (a) grating patterns fabricated with the femtosecond laser 
at a power of 0.50 mW and a writing speed of 6 µm/s and (b) grid patterns fabricated 
at a laser power of 0.24 mW and a writing speed of 12 µm/s. The depth of the lines in 
Fig. 4.1(a) is 117 nm in average, and the line width on the surface is 600 nm, while 
full-width-at-half-maximum (FWHM) is 280 nm. For the grid patterns in Fig. 4.1(b), 
the average depth was 84 nm, and FWHM was 350 nm. The lower laser power and 
faster writing speed contribute to the shallower feature depth of Fig. 4.1(b), while the 
double exposure in two directions increases the FWHM.  
FIG. 4.1 3D AFM images of (a) grating patterns fabricated by the femtosecond laser at 
a laser power of 0.50 mW and a writing speed of 6 µm/s and (b) grid patterns 
fabricated at a laser power of 0.24 mW and a writing speed 12 µm/s. 
(a) (b) 
 
Based on the line patterns, field effect transistor (FET) patterns can be 
produced. Figure 4.2 shows the 3D AFM images of (a) negative and (b) positive FET 
patterns fabricated at a laser power of 0.5 mW and a writing speed of 6 µm/s. In Fig. 
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4.2, the program was designed to write line by line in a space of 200 nm. The high 
laser power and low writing speed make the lines overlap each other. In Fig. 4.2(a), 
the lines were written as a FET structure; in Fig. 4.2(b), a FET structure was left while 
the surrounding area of photoresist was exposed with line by line writing. The 
software image and lithography template of these two FET structures are listed in 





FIG. 4.2 3D AFM images of (a) negative and (b) positive FET patterns fabricated at a 
laser power of 0.5 mW and a writing speed 6 µm/s. 
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 Figure 4.3 shows the 3D AFM images of (a) dot array, (b) concentric circles, 
and (c) letters patterns at a laser power of 0.5 mW and a writing speed of 6 µm/s. The 
dot array was fabricated by setting the delay time of writing process. The delay time is 
a parameter in lithography software which can be set to control the opening time of 
the solenoid shutter, so the delay writing time in producing dot patterns is actually the 
exposure time for each dot. When producing other kinds of lithography patterns, the 
delay writing time is set to zero. The exposure time for the dot array in Fig. 4.3(a) was 
500 ms. The lines that appeared between the dots were due to the small shutter size at 
first, which was optimized later. Too small a shutter size made some light to be 
coupled into the NSOM probe to expose the photoresist when the shutter was in the 
close state. The distances between the concentric circles in Fig. 4.3(b) were not 
uniform, which was due to the low resolution of the NSOM stage.   
(a) (b) 
FIG. 4.3 3D AFM images of (a) dot arrays, (b) concentric circles, and (c) letters 
patterns fabricated at a laser power of 0.5 mW and a writing speed 6 µm/s. The 
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4.2.3 Theoretical simulation of near field distribution of NSOM probe 
To study near-field scanning optical lithography (NSOL), the simulation of 
field distribution out of the near-field scanning optical microscopy (NSOM) probe is 
necessary. Although there are many methods developed to study the emission of 
electromagnetic field from a small aperture of the probe, a rigorous calculation has not 
been formulated. A less practical but probably the simplest model for an aperture 
probe is the diffraction of electromagnetic waves by a small aperture in a conducting 
infinite plane.  In this section, Bethe-Bouwkamp model used to study the near-field 
distribution out of a small aperture will be presented briefly [16, 17]. 
4.2.3.1 Bethe-Bouwkamp model 
The Bethe-Bouwkamp model assumes that the emission field from a tapered 
metal-coated optical fiber probe (NSOM probe) is a diffraction field of a 
monochromatic light incident upon a subwavelength circular aperture in a perfectly 
conducting metallic screen. Given the uncertainties in the NSOM probe geometry, the 
simple approximation of the Bethe-Bouwkamp model is enough to provide a useful 
basic understanding, although MMP and FDTD methods are more realistic. The 
Bethe-Bouwkamp method has been used to study the near field distribution by many 
researchers and has proved to be sufficient to solve NSOM problems [3, 18-21]. In our 
previous study, it was used to simulate the near field distribution across the NSOM 
probe and found that it can explain the experimental results very well [22]. In the 
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4.2.3.2  Simulated field distribution at different distances 
The Bethe-Bouwkamp method is applied to simulate the field distribution at 
different distances across the tip of the NSOM probe with an aperture diameter of 50 
nm, and the light wavelength of 400 nm. The formulas developed in Behte-
Bouwkamp are presented in Appendix B.  
Figure 4.4 shows the simulation results of light intensity (|E|2) distribution 
along the x-y plane at different distances of (a) 5 nm, (b) 10 nm, (c) 15 nm, and (d) 20 
nm from the NSOM probe. It is clear that the light intensity distribution varies greatly 
with different probe-to-sample distances. At a small distance (smaller than 10 nm), a 
double-peak intensity is generated. With increasing distance, the double-peak (Fig. 
4.4(a)) is replaced by a single-peak distribution and the peak intensity decreases. 
There is also a difference in the single-peak intensity distribution: the bottom contour 
images change from an elliptical to a circular shape, as shown in Figs. 4.4(c) ~ (d).  
Besides the intensity formations at different distances vary, the peak values of the 
field intensity decrease with moving away from the NSOM probe from 5 nm to 20 nm. 
As the photoresist film is sensitive to the light intensity, such great variation in the 
peak values and distribution of light intensity found in the simulation is believed to 
take effect on the NSOL patterning formations. In the next section, the field intensity 
distribution will be studied in details. 
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FIG. 4.4 3D and bottom contour images of light intensity distributions across an NSOM 
probe at different probe-to-sample distances of (a) 5 nm, (b) 10 nm, (c) 15 nm, and (d) 20 
nm, respectively.  
 
Table 4.1 concludes the details of the intensity distribution in Fig. 4.4. It is 
clear that the intensity profiles along x and y axes are quite different, especially at the 
distances of 5 and 10 nm from the NSOM probe. At the distances of 5 nm and 10 nm, 
there are two intensity peaks along the x-axis at the plane of y = 0, while the highest 
intensity at the plane of x = 0 is lower than that one at the plane of y = 0. The 
separation between two peaks at the distance of 5 nm is larger than that at 10 nm and 
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which shows the trend of the merging of the two peaks as the distance from the 
NSOM probe increases. On the other hand, the full width at half maximum (FWHM) 
of intensity increases a bit with the probe distance, while the peak value decreases 
greatly. Meanwhile the peak intensity at the plane of y = 0 increases at a slightly faster 
rate than that at the plane of x = 0, which makes the FWHM along x and y axes equal 
and then one circle field distribution instead of the ellipse shape was obtained. 
 
Table 4.1 Intensity distribution along the center line of the probe aperture at different 
probe distance. 
 
Plane of  Y = 0 Plane of X = 0 




















(nm) FWHM 2 
2| |E 2| |E
5 6.5×10-3 48 64 4.4×10-3 42 1.52 
10 3.0×10-3 40 66 2.7×10-3 52 1.27 
15 1.7×10-3 N. A. 68 1.7×10-3 54 1.26 
20 1.0×10-3 N. A. 70 1.0×10-3 60 1.17 
 
 
4.2.4 Effect of laser nanoprocessing parameters on feature size 
To minimize the NSOL feature size, the parameters in the nanoprocessing 
need to be studied. In the following sections, the effects of different processing 
parameters, namely, laser power, writing speed, exposure time, and set-point & probe-
to-sample distance, will be discussed separately.  
4.2.4.1 Laser power and writing speed/exposure time 
Since the laser power output of a NSOM probe is too low to be measured, the 
laser power before coupling into the NSOM probe is measured and presented in this 
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thesis as the reference for the nanopattern fabrication. To avoid melting or destroying 
the Al coating on the probe, the laser power coupled cannot be too high. In the NSOL 
experiment, the laser power coupled into the NSOM probe was normally smaller than 
0.5 mW and the highest was 1 mW. An attenuator was used to tune the laser power 
coupled into the NSOM probe. Another point that needs to be kept in mind is that the 
writing speed and exposure time are closely related. Faster writing speed is related to 
shorter exposure time. Normally, writing speed is used when talking about fabricating 
line patterns, while exposure time is used for dot patterns. Both the laser power and 
the exposure time together decide the exposure dose, which is an important parameter 
for the photoresist exposure process. Figure 4.5 shows the 2D AFM images of 
gratings fabricated at different laser powers of (a) 0.40 mW, (b) 0.30 mW, (c) 0.25 
mW, and (d) 0.20 mW and a writing speed of 6 µm/s. Table 4.2 gives a summary of 
the average FWHM and the depth of lines of each grating pattern in Fig. 4.5. Lower 
laser power leads to smaller FWHM and shallower depth, and the rate of reduction of 
depth is much faster than that of FWHM. When the laser power decreases, the 
evanescent energy decays more rapidly along the vertical direction than along the 
horizontal direction. 
Table 4.2 Comparison of FWHM and depth of the features fabricated in Fig. 4.5 
     
Laser power (mW) 0.40 0.30 0.25 0.2 
 
     
FWHM (nm) 310 207 194 179 
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(a) (b)
(c) (d)
                   
FIG. 4.5 2D AFM images of gratings fabricated at a laser power of (a) 0.40 mW, (b) 
0.30 mW, (c) 0.25 mW, and (d) 0.20 mW and a writing speed of 6 µm/s.  
 
 
More experiments were carried out to study the effects of laser power and the 
writing speed/exposure time on the feature size [23]. Figure 4.6 shows the dependence 
of feature FWHM and depth on (a) laser power at a writing speed of 8.0 μm/s and (b) 
writing speed at a laser input power of 0.35 mW. When the laser power is higher, the 
exposure energy dose (evanescent energy in the near field) absorbed by the photoresist 
is higher. As a result, the area absorbing energy becomes larger along the surface and 
also deeper along the propagating direction, leading to the lithography structure size 
increasing with laser power (Fig. 4.6(a)). On the other hand, the exposure time also 
affects the line width and depth because it affects the exposure energy dose as well. At 
a fixed laser power of 0.35 mW, both the width and depth decrease with writing speed 
(Fig. 4.6(b)). Higher writing speed leads to shorter exposure time and thus lower 
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exposure dose, resulting in a smaller line width and shallower depth. Different trends 
of the variation of depth and width with laser power and writing speed may be due to 
the laser field distribution out of the probe. When the exposure time is long enough, 
the same exposure dose can be achieved even at a low input energy. Therefore, 
different combination of laser energies and writing speeds can achieve similar effects 
on line width and depth. Considering that there is a melting threshold of the metal 
coating for the NSOM probe, low energy is used in the study to avoid damaging the 
NSOM probe. Through varying writing speed, patterns with different widths and 
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FIG. 4.6 Dependence of feature FWHM and depth on (a) laser power at a writing 
speed of 8.0 μm/s and (b) writing speed at a laser input power of 0.35 mW. 
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4.2.4.2 Set-point gain (probe-to-sample distance) 
In NSOM systems, the shear-force method is widely applied to control the 
approach of the probe to the sample surface [24-27]. For the Aurora-2 NSOM system, 
there are mainly three parameters for the closed-loop shear-force feedback control 
system: set-point, proportional gain, and integral gain, as shown in Fig. 4.7. The 
proportional and integral gains are used for minimizing the noise and optimizing the 
feedback signal, while the set-point is most important in controlling probe-to-sample 
distance.  
The set-point is actually the signal amplitude of the probe, and its unit is -nA 
(minus nA). The set-point value, related to signal amplitudes, controls the distance 
feedback to the NSOM controller. The higher set-point values (more negative) make the 
feedback occur at a larger distance than lower set-point values (smaller signal 
amplitudes). The set-point value set for the NSOM lithography is different from that 
used for characterization operation. Normally for NSOM characterization, the set-point 
is set from -20.0 nA to -25.0 nA. At this set-point, the NSOM probe is close enough to 
the sample to collect the evanescent energy emitted for characterizing the optical 
properties of the sample. For lithography process, the probe-to-sample distance at such a 
high set-point (-20.0 nA) is so large that the evanescent energy is not able to expose the 
photoresist. After many experiments, it was found that set-point should be set to at least 
-16.0 nA for NSOL.  
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FIG. 4.7 Image of NSOM software control window. 
 
The set-point value was not constant during operation. At first, one set-point 
value was set according to that feedback signal and made the probe approach the sample 
automatically. To reduce the probe-to-sample distance further, the set-point value was 
increased gradually and carefully to avoid the probe crashing into the sample. The 
difference of the set-point values during the probe approaching process is called “set-
point gain” hereafter. To make the probe move closer to the sample, the set-point gain 
should be higher. Unfortunately the set-point gain cannot be arbitrarily high; otherwise 
the probe will crash into the sample.  
Different set-point gains lead to different probe-to-sample distances, which 
affect the feature size as for the laser power and exposure time. To study the effect of 
the probe-to-sample distance on feature size, dot patterns are produced at different set-
point gains with the same laser power and exposure time. Table 4.3 lists the depths and 
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FWHM of the dot patterns fabricated at different set-point gains and a laser power of 
0.5 mW and an exposure time of 100 ms. Figure 4.8 shows the dependence of dot 
feature depth and FWHM on set-point gain according to Table. 4.3. The original set-
point was -15.0 nA. 
 
Table 4.3 Comparison of feature depth and FWHM at different set-point gains of dot 
patterns fabricated by NSOL. 
 
           
Set-point gain 0.5 1.0 1.5 2.0 2.2 2.5 2.7 3.0 3.3 3.5 
 
           
Depth (nm) 246 285 289 292 297 300 302 313 320 331
 
           
    FWHM (nm) 195 215 215 215 215 215 215 195 176 151
 
 






















FIG. 4.8 Dependence of dot feature depth and FWHM on set-point gain of dot patterns 
fabricated by NSOL. 
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As a higher set-point gain results in smaller probe-to-sample distance, some 
interesting phenomena in Table 4.3 and Fig. 4.8 can be observed: from set-point gain 
of 0.5 to 1.0, the depth and the FWHM increases with decreasing probe-to-sample 
distance; from set-point gain 1.0 to 2.0, the depth increases much more slowly and the 
FWHM does not change; after a set-point of 2.0 the depth begins to increase fast again 
while the FWHM reduces with a steep slope with decreasing probe-to-sample distance. 
The field distribution simulated in Section 4.2.3 can explain these trends of feature 
depth and FWHM changes with probe-to-sample distance. When the set-point gain is 
smaller than 0.5, the probe-to-sample distance is so large that there is very little 
evanescent energy coupled into the photoresist for exposing it. With reducing probe-
to-sample distance, more evanescent energy is coupled into sample and the feature 
depth and FWHM increase. When the set-point-gain reaches 1.0, the depth and the 
FWHM become stable. The simulated field distribution shows that the peak value and 
FWHM of the field profile do not vary significantly for the probe-to-sample distance 
from 10 nm to 20 nm. This distance range corresponds to the set-point gain from 1.0 
to 2.5. With further reduction of probe-to-sample distance from 10 nm (i.e., set-point 
gain of 2.5 or more), the peak value of the simulated field distribution profile 
increases and FWHM decreases rapidly, and gives rise to rapid changes in the depth 
and FWHM of features in photoresist.  
 
 
4.2.5 Effects of probe-to-sample distance on feature shape 
The probe-to-sample distance not only affects the feature size, but also results 
in different feature shapes [22]. To observe the feature shape, photoresist layers 
around 40 nm thick were used and dot features made with NSOL were observed. 
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Figure 4.9 shows a dot array fabricated at a laser power of 0.3 mW and different 
exposure times and set-point gains (probe-to-sample distance) of (a) 150 ms, 1.1 nA 
and (b) 100 ms and 1.5 nA. Since the probe-to-sample distance decreases with 
increase in set-point gain, the probe-to-sample distance for pattern (b) is smaller than 
that for pattern (a). The depths measured at the line profiles show that the photoresist 
layers of two samples were both exposed through and down to the substrate surface, 
but the shapes were quite different. The cross-section of the exposed dot pattern shape 
in Fig. 4.9(a) is of a “V” shape, and the bottoms are rough. In Fig. 4.9(b), however, 
the bottoms of the dot patterns are in a smooth plane and the cross-section is in the 
shape of an inverse trapezoid. It is appearent that the pattern (b) was exposed more 
than that in pattern (a) as line profiles representing the evanescent energy in pattern (b) 
is higher than that in pattern (a). The exposure time and probe-to-sample distance of 
pattern (a) were both larger than those of pattern (b). Normally, longer exposure time 
results in larger and deeper features. That is why the surface width of pattern (a) is 
larger than that of pattern (b). But the plane bottom of pattern (b) means that its 
exposure depth is deeper than that of pattern (a) if the photoresist layer thickness is 
higher although the exposure time of pattern (b) is shorter. Therefore, the probe-to-
sample distance has a dominant effect on the feature depth, while exposure time and 
laser power affect feature width strongly.  
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FIG. 4.9 Line profiles and AFM images of dot array with exposure time and set-point gain 
of (a) 150 ms, 1.1 nA and (b) 100 ms and 1.5 nA. 
 
To study the effects of probe-to-sample distance on dot feature shape, the same 
laser power and exposure time were applied while the probe-to-sample distance was 
varied. The laser power should not be too high so that the feature shape depends on 
the probe-to-sample distance only. It was found that different probe-to-sample 
distances result in different dot feature shapes. Figure 4.10 shows the 3D AFM images 
and their zoom-in pictures produced at the same laser power of 0.02 mW and exposure 
time of 100 ms, but at different set-point gains of (a) 3.9 nA, (b) 2.5 nA and (c) 1.5 nA.  
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FIG. 4.10 3D AFM images and their zoom-in pictures produced at a laser power of 
0.02 mW and an exposure time of 100 ms, and different set-point gains of (a) 3.9 nA, 
(b) 2.5 nA and (c) 1.5 nA, respectively. 
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There are three kinds of dot pattern shapes generated: dumbbell, ellipsoid, and 
circle, as the probe-to-sample distance increases. Such distinctive dot pattern shapes at 
different probe-to-sample distances are due to different light intensity distributions 
under the NSOM probe. Comparing the dot patterns with the light intensity 
distribution simulated in Section 4.2.3, it is found that the peak shapes of the light 
intensity across the NSOM probe agree well with the dot pattern shapes obtained in 
the experiment. It is believed that the double-peak and ellipse-peak intensities result in 
dumbbell and ellipsoid dot pattern shapes, respectively. Since it is difficult to detect 
the accurate probe-to-sample distance during actual operation, the exact relationship 
between the probe-to-sample distance and set-point gain cannot be established. 
However, from the comparison between theoretical simulation and experimental 
results, it is proven that the probe-to-sample distance decreases as set-point gain 
increases. Therefore, the Bethe-Bouwkamp model can explain the experimental results 
very well. 
Although laser power and exposure time have less effect on feature shape than 
probe-to-sample distance, the special dot patterns, dumbbell and ellipsoid, disappear 
and become the normal circle dot shape when the laser power is higher or the 
exposure time is longer. Figure 4.11 shows line scan profiles and 3D AFM images of 
dumbbell dot patterns fabricated at different exposure times of (a) 100 ms and (b) 200 
ms at the same laser power of 0.02 mW and a set-point gain of 3.5 (same probe-to-
sample distance). Doubling the exposure time increases the feature width and makes 
the dumbbell shape become unclear and to disappear later with a longer exposure time. 
In pattern (b), the ridge between two holes of the dumbbell shape, highlighted with a 
red arrow, becomes quite unclear.  
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FIG. 4.11 Line scan profiles and 3D AFM images of dumbbell shape dots produced at a 
same laser power and probe-to-sample distance but different exposure times of (a)100 
ms and (b) 200 ms, respectively. 
 
 
4.2.6 High-resolution feature fabrication 
In this section, the fabrication of high-resolution features will be presented and 
discussed. To avoid crashing the probe into the sample, the set-point gain will not be 
set too high so that the probe-to-sample distance is set at a safe range for the probe in 
operation. In the following experiments presented, all the set-point gain values were 
set as 2.0 nA. When the probe-to-sample distance was kept unchanged, the other 
parameters, i.e., laser power and writing speed/exposure time would be optimized to 
minimize feature sizes.  
 
 101
Chapter 4 Femtosecond laser near-field scanning optical lithography 
4.2.6.1 Roughness of grating edge 
To fabricate high-resolution features in photoresist, there is a certain 
requirement on the roughness of the photoresist. A scanning electron microscope 
(SEM) is used to observe the edge roughness of grating features.  
Figures 4.12 displays SEM images of gratings fabricated at a writing speed of 
6 µm/s and laser power of (a) 0.5 mW, (b) 0.5 mW, (c) 0.25 mW. Figure 4.11(d) is a 
magnified image of (c). The grating period of pattern (a) is 600 nm, and those of 
patterns (b) ~ (c) are 800 nm. The surface widths of each line pattern are around (a) 
500 nm, (b) 400 nm, and (c) 200nm, respectively. The edge of pattern (a) is the 
roughest, while that of pattern (c) is the smoothest. The edge roughness of the gratings 
decreases with laser power. When the laser power is high, the areas along the writing 
lines are exposed and thus the edge roughness increases. The small grating period 
increases the edge roughness as well at a high laser power as shown by a comparison 
between patterns (a) and (b). Therefore, the laser power used should be small to 
minimize the edge roughness. Figure 4.12(d) is the magnified SEM image of the 
pattern (c). The variation of the line width is smaller than 25 nm, which is less than 
5% of the line width. The grains appearing at the edges of the lines are from the 
photoresist, which cannot be avoided due to the grain size and resolution of the 
photoresist used in the experiments. 
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   250 nm 
 (d) 
 
FIG. 4.12 SEM images of gratings fabricated at a writing speed of 6 µm/s and different 
laser powers and grating periods of (a) 0.5 mW, 600 nm, (b) 0.5 mW, 800 nm, and (c) 
0.25 mW, 800nm. (d) Magnified image of (c). 
 
 
4.2.6.2 Nano-sized line feature fabrication 
After the discussion on the edge roughness of gratings, it is clear that smaller 
laser power minimizes the edge roughness of lines. To obtain nano-sized line features, 
smaller laser power and higher writing speed are applied in the NSOL.  
Figures 4.13 displays the 3D AFM images and line scan profile of lines 
epth is around 51 nm. The FWHM of the line feature is 82 nm, which is much 
maller than the reported results of the NSOL [14, 28, 29].  
features in photoresist fabricated at a laser power of 0.01 mW and a writing speed of 6 
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FIG. 4.13 3D AFM images of (a) two lines, (b) one of the lines in (a), and (c) line scan 
profile of the line in (b) fabricated at a laser power of 0.01 mW and a writing speed of 
/s. 
When the writing speed increases, the line features have smaller FWHM. 
Figure 4.14 shows (a) 2D AFM image and (b) line scan profile of sm
gratings produced at a laser power of 0.01 mW and a writing speed of 8 µm





~ 42 nm.  
(c) 
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FIG. 4.14 (a) 2D AFM image and (b) line scan profile of small period gratings 
produced at a laser power of 0.01 mW and a writing speed of 8 µm/s. 
 
To further minimize the line feature size, much lower laser power and faster 
writing speed are needed. Due to the fragility of the NSOM probe, the writing speed 
cannot be too fast, thus lower laser power is preferred for fabricating smaller nano-
sized line features. For the measurement limit of the power meter used, 0.01 mW is 
the smallest value which can be measured. Making use of laser power smaller than 
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0.01 mW, lines features with sub-30 nm size were obtained [23]. In order to achieve  
reliable control, an NSOM reflection mode photomultiplier tube (PMT) was used to 
inspect the laser power output of the NSOM probe.  
Figure 4.15 shows (a) SEM image and (b) 3D AFM image of nano-sized 
photoresist line features with reference lines, and magnifying SEM images of (c) 23 
nm and (d) 18 nm line features. Because the line features smaller than 50 nm are 
difficult to find for the characterization, some larger lines were produced first as 
positioning references, as shown in Figs. 4.15(a) and (b). The writing speed was kept 
at 8 µm/s. The laser power used were smaller than 0.01 mW, and the PMT outputs for 
the two lines in Figs. 4.15(c) and (d) were 0.04 V and 0.03 V, respectively. The widths 
of lines fabricated at such low laser power vary from 43 nm to 38 nm (Fig. 4.15(b)), 
and even further down to 23 nm and 18 nm (Figs. 4.15(c) and (d), respectively). In Fig. 
4.15(b), the line width of 38 nm is not clear. There are two reasons: one is the probe 
size limit of the AFM probe making it difficult to characterize such small features; the 
other is that the depth of small-sized features is too shallow to be measured by an 
AFM. SEM characterization, therefore, becomes a strong characterization method for 
nano-sized features. The SEM images in Figs. 4.15(c) and (d) show that the line 
profiles with 23 nm and 18 nm are not straight enough. This may be due to the 
resolution limit of the photoresist and the unstable distance between the probe and the 
sample. Because of sample surface roughness and NSOM probe charging, there is an 
interaction force between the probe and the sample when the NSOM is scanning. The 
interaction force does not push the probe away sufficiently and makes it scan over the 
sample surface non-uniformly. When the laser power is low, the effect on this small 
variation of probe-to-sample distance is obvious. Due to the sensitivity of the 
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photoresist to laser energy, variation of energy distribution along the scanning process 
makes the line edge jagged. 
 300 nm 
(a) 
 












FIG. 4.15 (a) SEM image and (b) 3D AFM image of nano-sized lines features with 
reference lines, and magnifying SEM images of (c) 23 nm and (d) 18 nm lines features. 
The writing speed was 8 µm/s. 
 
 
4.2.6.3 Nano-sized dot feature fabrication 
In the last section, nano-sized line fabrication was discussed. It appears that to 
fabricate nano-sized lines, both lower laser power and faster writing speed are 
required. Therefore, lower laser power and shorter exposure time are also needed for 
producing nano-sized dot features.  
 Figure 4.16 shows the line scan profile of two dot features fabricated in 
photoresist at a laser power smaller than 0.01 mW; the PMT outputs and exposure 
time were (a) 0.04 V, 50 ms and (b) 0.03 V, 40 ms. The feature sizes are (a) FWHM: 
48.0 nm and depth: 22.2 nm and (b) FWHM: 39.1 nm and depth: 18.6 nm. The 
thickness of the photoresist layer coated was around 40 nm. It is apparent that the dot 
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FIG. 4.16 Line scan profiles of two dot features fabricated at a laser power smaller 
than 0.01 mW. The PMT outputs and exposure time were (a) 0.04 V, 50 ms and (b) 
0.03 V, 40 ms. The feature sizes were (a) FWHM: 48.0 nm and depth: 22.2 nm and (b) 




4.2.6.4 Physics behind sub-50 nm feature size 
Fabrication of sub-50 nm features, lines and dots, has been demonstrated in 
our study and the results have been discussed in the above sections. As far as we know, 
this is the first time that features with sizes smaller than the NSOM probe aperture size 
(50 nm) have been fabricated. In previous studies, the feature sizes were mostly 
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In this section, the possible reasons for sub-50 nm feature size will be discussed. It is 
proposed that the unique energy distribution of the femtosecond laser and the 
nonlinear characteristics of the photoresist lead to the improvement in the lithography 
resolution, which is beyond the limit of 50 nm.  
When the distance between the probe and the sample is in the near-field range, 
the evanescent energy coming out of the NSOM probe can have an effect on the 
photoresist. However, due to the energy distribution as calculated according to the 
Bethe-Bouwkamp model and the exposure threshold of the photoresist, it is possible 
that at some distance, only the peak laser energy which is higher than the exposure 
threshold of the photoresist can expose the photoresist film. At this point, the spot of 
peak evanescent energy exceeding exposure threshold is controlled in nano-size, 
which is smaller than the aperture size of the NSOM probe. Therefore, the distance 
between the probe and the sample is important in order to achieve nano-size patterns. 
In the above experiments, the set-point gain was set at 2.0 nA. In the scanning process, 
the photoresist resin polymerized only in the focused region where there was a high 
enough laser energy dose. As a result, the resin did not polymerize beyond the region 
illuminated by the laser. However, heat dissipation affects the energy dose absorbed 
by the photoresist. The heat affected zone may be larger than the focused size. The 
pattern size fabricated will then be larger than the nano-size of the effective energy 
spot. This is one of the reasons why the widths of line patterns obtained are all around 
100 nm when the NSOM was used in combination with nanosecond-pulse-duration 
laser systems on photoresist or polymer [30].  
In the experiments performed here, a femtosecond laser was chosen as the light 
source for the nanolithography. In the femtosecond time scale, energy can be 
deposited into materials at a high speed compared to a nanosecond-pulse-duration 
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laser at the same energy level, thus leading to the strong confinement of energy 
quantities. This pushed the matter into a state of extreme nonequilibrium (near the 
critical point) and then subsequently relaxed its energy to the surrounding by heat 
conduction. Depending on the deposited energy, different structural changes can be 
obtained, including refractive-index modification, color-center formation and 
polymerization process, etc. The distinctive feature of the ultrashort interaction mode 
is that the energy transfer time (picoseconds) is significantly longer than the 
femtosecond laser pulse duration. Therefore, the conventional hydrodynamics motion 
does not occur during the femtosecond interaction time [31]. All these factors help to 
minimize the heat affected zone that leads to ultra-fine feature sizes less than 30 nm. 
In our study, although after fiber coupling (around 15 meters), the pulse duration was 
broadened to about 300 ~ 400 femtoseconds [32, 33], the laser pulse duration was still 
shorter than a picosecond. The characteristics of ultrashort pulse duration and high 
peak intensity did not change much. The heat affected zone of the femtosecond laser 
in the sample was small enough and the polymerization of the photoresist was so fast 
that there was no time to transfer the energy to other regions out of the illumination 
range in such a short light energy deposit time. Therefore, small feature sizes were 
obtained in our study by properly setting the exposure dose and writing speed.  
 
 
4.3   Application of femtosecond laser NSOL to PCRAM 
In this section, an application of the femtosecond laser NSOL to the fabrication 
of phase-change random access memory (PCRAM) will be discussed [34]. As 
presented in the previous section, the femtosecond laser NSOL can produce sub-30 
nm line and dot structures in a photoresist layer. However, the depth of the features is 
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sacrificed when obtaining smaller FWHM. It is difficult to apply such nano-sized 
lithography for further processing. Therefore, the photoresist should be exposed 
through but with small bottom size for further application. 
For PCRAM technology, a memory cell with small size will help in the 
reduction of programming current required for the high speed memory devices. The 
current intensity is higher when it passes through a smaller cross section area, and the 
higher energy intensity can be used to activate the switching of the phase change 
material in the cell. Therefore, to minimize the cell size, the femtosecond laser NSOL 
is used to produce nanolithography dot features on the electrode layer to from 
PCRAM nanocells.   
Figure 4.17 shows the line scan profile of a dot array fabricated in photoresist 
at a laser power of 0.02 mW and an exposure time of 100 ms. The depth is 42.3 nm, 
which is equal to the thickness of the photoresist layer. The bottom plane of the dot 
features suggests that the photoresist has been exposed through. The vertical sidewalls 
of the dot patterns suggests high potential for further etching process.  
FIG. 4.17 Line scan profile of a dot array in photoresist fabricated at a laser power of 
0.05 mW and exposure time of 100 ms. The depth is 42.4 nm, surface width is 625 nm, 
and bottom width is 312.5 nm. 
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Figure 4.18 displays the AFM characterization of the nanocell during different 
stages of the fabrication processes: (a) the patterned photoresist layer; (b) the pattern 
after wet etching with photoresist and SiO2 layers; (c) 3D AFM image of the 
fabricated cell on SiO2 surface. Table 4.4 lists the surface width, bottom width, and 
depth of AFM measurement of Fig. 4.18. The dot pattern on the photoresist, Fig. 
4.18(a), has a surface width of 226 nm, a bottom width of 91 nm, and a depth of 42 
nm, which is suitable for further etching processes. After dipping this sample into a 
buffered HF solution, the underlying SiO2 layer was etched from the dot pattern as the 
depth increases from 41.6 nm to 74.6 nm. The bottom width of the SiO2 layer as 
measured by AFM is 19.5 nm. Due to the difficulty for the AFM tip to scan inside 
such a small and deep feature, the depth and bottom width shown in Fig. 4.18(b) may 
be smaller than the real value of the pattern. After removing the photoresist the bottom 
width of the SiO2 layer becomes 91 nm, which is equal to the bottom width as 
originally defined in the photoresist.  
 
Table 4.4 Surface width, bottom width, and depth of dot features at 3 processing 





(nm)  Depth (nm) 
Photoresist layer 176 91 40 
Photoresist + SiO2 layer 
after wet etching 176 20 75 
SiO2 layer after 
removing photoresist 234 91 31 
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FIG. 4.18 AFM characterization of one dot feature in different fabrication stages: dots 
fabricated by the femtosecond laser NSOL on (a) photoresist, (b) after wet etching 
with photoresist layer, (c) 3D AFM image of the fabricated cell on SiO .  2
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FIG. 4.19 (a) Schematic view of the PCRAM cell structure design and (b) SEM image 
of a PCRAM memory cell of 2×2 bits. 
 
The NSOL process was combined with stepper technology to fabricate the 
nanocell of the PCRAM device structure. Figure 4.19 shows (a) the schematic view of 
the PCRAM cell structure design and (b) SEM image of a PCRAM memory cell of 
2×2 bits. The sandwich structure consists of TiW electrodes, 30 nm SiO2 dielectric 
layers, and the GST active layer with thickness of 50 nm. In this multilayer process for 
the functional PCRAM device fabrication, NSOL was employed to create an open via 
on the SiO2 dielectric layers, as shown in Fig. 4.18. The nanocell features opened on 
the SiO2 dielectric layer were processed further by sputtering the other layer materials 
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including working layer of the phase change material with a sandwich structure. 
Figure 4.19(b) shows SEM image of the PCRAM nanocell of a 2 × 2 bit array. The 
electrical performance of the nanocell was tested. A short electrical pulse was 
fabricated to switch the memory cells between the high resistance level (amorphous 
state of phase change material) and the low resistance level (polycrystalline state). To 
study the scaling effect of device functions, cells with different sizes were fabricated 
and the SET and RESET processes were performed. Figure 4.20 shows (a) the scaling 
effect of the functional device by measuring the RESET current variation as a function 
of nanocell feature size and (b) the dependence of the cell resistance as a function of 
programming current. It shows clearly that the required current decreases with the 
feature size. The RESET current occurs at 0.8 mA with a short pulse width of 70 ns, 
presenting a low current and fast switching state of the phase change material 
changing from a polycrystalline state (low resistance) to an amorphous state (high 
resistance).     
In conclusion, the nanofeatures fabricated by the femtosecond NSOL method 
can be used to fabricate nanocells of PCRAM successfully. This simple process can 
achieve the smallest nanocell with diameters down to 19.5 nm. Study of the PCRAM 
electrical function shows that the required current decreases with the cell size. It is 
believed that by optimizing the related processes, the size of the nanocell can be 
further reduced by femtosecond NSOL. 
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FIG. 4.20 (a) PCRAM programming current as a function of nanocell feature size and 
(b) R-I curve of PCRAM cell with a size of 90 nm, the RESET current is 0.8 mA with 
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CHAPTER 5 
CONCLUSIONS  
 This chapter summarizes the results of the research work presented in the 
previous chapters. Contributions of the work are reviewed and some suggestions for 
future work are discussed.  
 
5.1       Conclusions 
The researches conducted in this thesis are concentrated on laser-assisted 
nanofabrication for optical data storage. Two optical lithography techniques, 
femtosecond laser assisted microlens array (MLA) nanopatterning and near-field 
scanning optical nanolithography (NSOL), are developed in this thesis to fabricate 
nanofeatures and break through the optical diffraction limit. The main contributions 
and results can be summarized as follows: 
1. Up to millions of arbitrary nanofeatures are fabricated on phase-change thin 
films uniformly over a large area in a few seconds by MLA nanopatterning. 
This patterning technique increases the optical recording efficiency greatly. 
2. Feature sizes down to 50 nm in phase-change thin films are fabricated by the 
irradiation of the femtosecond laser with a wavelength of 800 nm through a 
MLA. Such feature size achieves a resolution of λ/16 (λ: laser wavelength) in 
far field patterning, breaking through the optical diffraction limit.  Making use 
of the MLA with smaller lens diameter, it may be possible to produce sub-50 
nm feature size.   
3. Three dimensional phase-change nanolithography is developed by wet etching. 
This is a new finding that phase-change films of different elements have 
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different reactions to an alkaline solution. After laser-crystallizing and wet 
etching, nano-bump arrays and nano-hole arrays are fabricated in Ge1Sb2Te4 
film and Sb2Te3 film, respectively. Although there is no conclusive theory to 
explain this interesting phenomenon, it is assumed that the presence of Ge 
element may decide the reaction of phase-change film to alkaline solutions.  
4. Sub-30 nm feature size is fabricated in photoresist by the femtosecond laser 
NSOL, which corresponds to a resolution of λ/20 and a/2 (a: NSOM probe 
aperture diameter). To our knowledge, this is the first report so far of a high 
resolution feature fabricated by a combination of NSOM and laser system.  
5. Agreement of simulated near-field distribution and experimental results is 
demonstrated. The success of the Bethe-Bouwkamp model in simulating the 
field distribution of the NSOM probe is demonstrated by the NSOL.  
6. High-density optical data storage is achieved by MLA patterning and NSOL 
nanolithography. If a feature size of 20 nm is used in patterned media for data 
storage at a bit period of 50 nm, an areal density of 250 Gbits/in2 can be 
achieved. 
7. Femtosecond laser NSOL is applied to the fabrication of phase change random 
access memory (PCRAM). The nanocells with such a high resolution 
fabricated by NSOL in PCRAM will consume much lower programming 
current and improve the PCRAM performance greatly.  
 
5.2       Suggestions for future work  
There are some suggestions for future studies and applications of the studies 
presented in this thesis. 
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1. Making use of the MLA with smaller diameter lens, smaller feature size can be 
produced in the future because the laser power focused by smaller lens 
becomes much lower. 
2. Nano-devices based on MLA patterning on the phase-change thin film can be 
fabricated by further etching and lithography processes for high speed parallel 
nanopatterning.  
3. The mechanism of phase-change lithography should be studied in the future to 
explain the phenomena observed in the effect of the etching of phase-change 
film by alkaline solutions. 
4. Higher resolution photoresist are needed in nanolithography. Due to the 
resolution limit of the photoresist used and the weak near-field energy, the 
feature depth was shallow (smaller than 5 nm), which was not good enough for 
further processing.  It is believed that smaller and deeper feature size could be 
fabricated in future with proper photoresist or polymer.  
5. Femtosecond lasers with shorter wavelengths, such as third-harmonic 
generation instead of second-harmonic generation, need to be used for future 
improvement in NSOL. Shorter wavelength leads to smaller feature size, 
which contributes to ultrahigh density optical data storage.  
6. In the future, applications other than optical data storage based on NSOL could 
be developed, for example, mask fabrication. Making use of the nano-features, 
together with further processes, such as reactive ion etching, wet etching, and 
metal deposition, positive or negative nano-mask can be produced for future 
semiconductor fabrication.  
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BETHE-BOUWKAMP MODEL SIMULATION PROGRAMM 
 
Our Bethe-Bouwkamp model simulation is written in a Mathematics program. 
Clear@a, λ,k0,n,k, Ei, Fx, Fy,u,v, E0kx, E0ky, kv,ks, α, β, Evkzx, Evkzy,
EvRx, EvRy,Intensityv, Eskz0x, Eskz0y, Eskzx, Eskzy, EsRx, EsRy,Intensitysx,




k0= 2 πλ ;
n= 1.5;
kv@u_,v_D = Jè!!!!!!!!!!!!!!!!!!!!!!!!!k02−Hu2+v2L N;
ks@u_,v_D = Jè!!!!!!!!!!!!!!!!!!!n2k02 −k2 N;
Ei= 1;
Fx@u_,v_D = − Cos@akD3v
2
a2k4 +
Sin@akD Ha2 u4+3v2+a2 u2v2L
a3k5 ê.k −>
è!!!!!!!!!!!!u2 +v2 ;





E0kx@u_,v_D = 13 H−8L Ç k0a
3 Ei Fx@u,vD;
E0ky@u_,v_D = 13 H−8L Ç k0a
3 Ei Fy@u,vD;
Evkzx@u_, v_,z_D = E0kx@u, vD Exp@Izkv@u,vDD;
Evkzy@u_, v_,z_D = E0ky@u, vD Exp@Izkv@u,vDD;
EvRx@x_,y_,z_D =
1
4 π2 NIntegrate@Evkzx@u,v, zD Exp@IHux+vyLD, 8u, −∞, ∞<, 8v, −∞,∞<D;
EvRy@x_,y_,z_D =
1
4 π2 NIntegrate@Evkzy@u,v, zD Exp@IHux+vyLD, 8u, −∞, ∞<, 8v, −∞,∞<D;
Intensityv@x_,y_,z_D =
Re@ @ D @ @ DD @ D @ @ DDDEvRx x,y,z Conjugate EvRx x,y,z + EvRy x,y,z Conjugate EvRy x,y, z ;  
Close@"C:\BB5.dat"D;
steps= 41;
op= OpenWrite@"C:\BB5.dat", FormatType→ FortranFormD;
uTable= Table@−4a+Hi−1L aê5, 8i, 1, steps<D;
vTable= Table@−4a+Hi−1L aê5, 8i, 1, steps<D;
FTable= Table@N@Intensityv@uTable@@iDD, vTable@@jDD, 5DD, 8i, 1, steps<,
8j,1, steps<D;







op= OpenWrite@"C:\BB5.dat", FormatType→ FortranFormD;
uTable= Table@−4a+Hi−1L aê5, 8i, 1,steps<D;
FTable= Table@N@Intensityv@uTable@@iDD, vTable@@jDD, 10DD, 8i, 1,steps<,
8j,1, steps<D;




op= OpenWrite@"C:\BB5.dat", FormatType→ FortranFormD;
uTable= Table@−4a+Hi−1L aê5, 8i, 1,steps<D;
FTable= Table@N@Intensityv@uTable@@iDD, vTable@@jDD, 15DD, 8i, 1,steps<,
8j,1, steps<D;




op= OpenWrite@"C:\BB5.dat", FormatType→ FortranFormD;
uTable= Table@−4a+Hi−1L aê5, 8i, 1,steps<D;
FTable= Table@N@Intensityv@uTable@@iDD, vTable@@jDD, 20DD, 8i, 1,steps<,
8j,1, steps<D;

















BETHE-BOUWKAMP MODEL FORMULA 
The Bethe-Bouwkamp model assumes that the emission field from a tapered 
metal-coated optical fiber probe (NSOM probe) is a diffraction field of a 
monochromatic light incident upon a subwavelength circular aperture in a perfectly 
conducting metallic screen. Given the uncertainties in the NSOM probe geometry, the 
simple approximation of the Bethe-Bouwkamp model is enough to provide a useful 
basic understanding, although MMP and FDTD methods are more realistic. In this 
appendix, Bethe’s theory and Bouwkamp’s theory will be presented separately first. 
Then the simulation results according to the Bethe-Bouwkamp model will be 
discussed. 
1 Bethe’s theory of diffraction by small apertures  
 In 1944, Bethe [1] presented a rigorous method to derive the diffracted field from 
a fictitious magnetic charge and currents in a small aperture compared to the light 
wavelength. 
1.1 Boundary conditions 
The coordinate system used here is shown in Fig. 1. A plane of aperture 
(metallic screen) is at the plane of x = 0. E0 and H0 are the electric and magnetic fields 
on the left-hand side (x < 0) of the screen if there is not an aperture, n is a unit vector 
in the direction normal to the screen plane. To fulfill the boundary condition at the 
plane of x = 0 
0 0 tan 0n E E× = =
K




0 0 0nn H H• = =
K
.                    (1b) 
 
Meanwhile, E0 n (E0 y ) and H0 tan (H0 x) are different from zero generally. On the 
right-hand side of the plane (x > 0), the two field vectors, approximated as zero in 
equations (1a) and (1b), vanish identically. Then the zero approximated fields satisfy 
the boundary conditions everywhere on the screen except at the aperture. In the 
aperture, En and Htan are discontinuous.  
 
FIG. 1 Schematic diagram of the coordinate system used in Bethe’s expression. 
 
The actual field is defined as  
0 1E E E= +
K K K
, 0 1H H H= +
K K K
  for x < 0,          (2a) 




  for x > 0.            (2b) 
The boundary conditions are: 
      1tan 2tanE E=   in the aperture,             (3a) 
        at the screen plane (x = 0) outside the aperture,  (3b) 1tan 2tan 0E E= =




The boundary conditions for the normal components are automatically fulfilled if 
those for the tangential components are satisfied.  
It is assumed that, for any y and z when x > 0: 
),,(),,( 21 zyxEzyxE yy =− ,                         (4a) 
),,(),,( 21 zyxHzyxH yy −=− .  (4b) 
To be consistent with Maxwell’s equations, equations (4a~b) further derive the 
formulae:  
),,(),,( 21 zyxHzyxH xx =− ,                         (4c) 
),,(),,( 21 zyxEzyxE xx −=− .  (4d) 
Inserting equation (4.4b) into equations (4.2a) and (4.3c), it is found that H2 
must satisfy the boundary condition: 
tan0tan2 2
1 HH =    in the aperture.  (5a) 
Likewise, a similar condition is obtained from equation (4.4d): 
   nn EE 02 2
1=    in the aperture.                (5b) 
Here the boundary conditions: equations (3b), (5a), and (5b), are derived. 
These conditions are valid irrespective of the size and shape of the aperture. 
 
1.2 Solution 
From the failure of Kirchhoff’s theory, instead of assuming the current density, 
Bethe assumed a distribution of magnetic currents in the plane of the aperture to be 
proportional to .  En×




Maxwell’s equations in the same way as the electric charge and current:  
*4divH πρ=K ,                 (6a) 




.            (6b) 
The continuity equation corresponding to the above two equations is  





divJ ρ .                (7) 
 
Assuming the time dependence of all quantities as  





=)(ϕ , which represents an outgoing spherical wave. Equation 4.7 becomes 
                        (9) ** ρikdivJ =
with
c
k ω= , J* and ρ* have no any physical meaning, and 1i = − . 
Magnetic surface current density K and surface charge density η instead of 
volume currents and charges are used in Bethe’s model, where η corresponds to a 
discontinuity of Hn at the surface (equation (6a)) and K to a discontinuity of Etan 
(equation (6b)). The quantities K and η satisfy a continuity equation similar to 
equation (9), 
ηikdivK = .                 (10) 
The electric and magnetic fields can be expressed in terms of K and η with the 
help of potentials F and ψ, respectively: 
E curlF=K K ,                   (11a) 
   1 FH gr
c t
adψ∂= −∂




These two equations automatically satisfy Maxwell’s equations 




,             (12a) 
             0divE =K .             (12b) 
If only surface charges are present, it can be shown that  
( ) ( ') ( ' ) 'F r K r r r drϕ= − −∫ , (13a) 
  ∫ −= ')'()'()( drrrrr ϕηψ ,             (13b) 
where r is any point to the right of the screen, and 'r  is any point to the left. Inserting 
these results and the time dependence equation (8) into equation (11b), the electric and 
magnetic fields are obtained explicitly [2]: 
∫ ×= σϕdgradrKrE )'()( ,            (14a) 
  ∫ −= σϕηϕ dgradrrikKrH ))'()'(()( .           (14b) 
The gradients are taken with respect to the coordinates of the field point r and the 
integral goes over the aperture area.  
Obviously the equation (14a) satisfies the boundary condition (3b). Etan 
vanishes on the metallic screen everywhere outside the aperture, while it is not zero in 
the aperture but directly related to K.  
Through a sequential derivation from the boundary conditions for Htan and En 








HraikKKrK EH π ,       (15a) 
    02/1222 ')'(
1)'( Hr
ra
r •−−= πη .                           (15b) 




After Bethe gave a detailed analysis of the diffraction of electromagnetic field 
from a circular aperture much smaller compared to the wavelength, Copson [3] 
re-derived Bethe’s expressions and also obtained a solution for the case of a disc. 
Unfortunately Bethe’s expression was found that it is only suitable for the field at 
large distances from the aperture [4, 5]. In 1954, therefore, Bouwkamp corrected this 
mistake in Bethe’s equations to make it suitable for solving the near-field problem [6].  
Unlike Bethe’s discussion of the scalar magnetic potential, Bouwkamp 
expressed the diffracted field in terms of the magnetic vector potential alone based on 
the equations: 






d= ± ∫ ΣK K ,           (16a) 
         d dE curlF=K K ,               (16b) 
       2d dikH k F grad divF= + ⋅ dK K K ,              (16c) 
where  is the magnetic vector potential,  dF
K dEK  and dHK  are the diffracted electric 
and magnetic fields, respectively. The magnetic current density K must then be 
determined from a system of differential-integral equations [7]: 
∫−= '')()','()0,,( ,, dydxryxKyxF yxyx ϕ ,              (17a) 

















































k .          (17d) 




point , both of which are located in the aperture, and E)0,','( yx i is the incident 
electric field. Obviously, the coordinate system for the Bouwkamp expression is a bit 
different from Bethe’s. It puts the aperture at the x-y plane (z = 0), as shown in Fig. 2.  
Bouwkamp suggested that the only feasible approximate solution is the one 
that is based on a consistent power-series solution in the variable (where is the 
radius of the aperture). In a self-consistent approximation, the right-hand sides of 
equations (17b) - (17d) must be expanded in powers of and retain as many terms 




FIG. 2 Schematic diagram of the coordinate system used in Bouwkamp’s expression. 
 
The incident filed is defined as a plane wave of unit amplitude with 
components 
[ ])cossin(exp)sincos,sin,cos(cos 0000000 θθθφφθφ zxikEi +−= ,       (18a) 
[ ])cossin(exp)sinsin,cos,cossin( 0000000 θθθφφθφ zxikH i +−= ,      (18b) 
where the x-z plane is the incident plane, φ0 the angle between Ei and the x-z plane, θ0 































∂+ .         (19c) 
Assume that , where K)( 210 kOKKK ++= 0 and K1 denote the terms of K with order 
zero and one in respectively: Kka 0 = O (1), K1 = O (k). Expanding the ϕ(r) = 
r
ikr)exp(  function as a Taylor series 
...1)exp( ++= ik
rr
ikr .               (20) 







KyxF +−−−−−= ∫ ∫∫ .      (21) 
The third integral does not depend on x or y, so that its differentiation with 
respect to x or y gives zero. Since k
∫ dSikK 0







in the Bouwkamp approximation,  
∫−= dSrKF
0
0 , ∫−= dSrKF
1
1 .           (22) 
All the exponential quantities in equation (19a) - (19c) are expanded as Taylor series 
in powers of k. Comparing the corresponding terms, the following differential 
equations are obtained finally: 
















































.                   (23b) 
Equations (23a) and (23b) constitute the differential-integral equations for the zeroth- 











×−= π ,               (24a) 











                                      (24b) 
 
Comparing Bethe’s with Bouwkamp’s theory, K0,1 has the same meaning as KE,H in 
Bethe’s expression. K0 is equivalent to KE, while K1 is different from KH, which is 
Bouwkamp’s correction of Bethe’s theory in near field. On the other hand, 




r •−−= πη              (25) 
 As assumed before, the tangential magnetic field (Htan) and normal electric field 
(En) in the aperture are identical with the corresponding quantities of the undisturbed 




































































⎡ −+−−= ϕθφϕθφπϕ , 





rH z +−−= ϕφϕθφπ . 
                        (26c) 
 
3.    Simulation based on Bethe-Bouwkamp method 
3.1    Bethe-Bouwkamp model 
In this section, the Bethe-Bouwkamp method is applied to simulate the field 
distribution across the tip of the NSOM probe with an aperture diameter of 50 nm, and 
the light wavelength of 400 nm. The aperture plane is in the x-y plane, and the incident 
field propagates along the z axis and is polarized along the x axis, and its amplitude is 
Ei, as shown in Fig. 3, which is same as the coordinate system used in Bouwkamp’s 
theory (Fig. 2).  
 





Taking the center of the aperture as the origin of the coordinates, and 
according to the definition of the coordinate system, both θ0 and φ0 in equation (26) 
are equal to zero. Turning the cylindrical coordinate to a Cartesian coordinate, the 
electric field in the aperture can be expressed as 








−−−= π ,             (27a) 




4),( −−−= π .             (27b) 
The Fourier transform of the equation (27) can be performed by use of a relation 







−∫ .            (28) 





















































                                        (29) 
where λ
π2
0 =k  is a wave vector of laser light from a near-field probe, k = [kx, ky] is a 
wave vector of light across the probe. The electric field at a point r in a vacuum is given 
by: 
∫∫ •= kdrkizkEzyxE vv KKKKKK )exp(),(4 1),,( 2π ,            (30) 
 
where ))(exp()(),( 0 kizkkEzkE vv
KKKKK = , and 220)( kkkkv −=
K




equation gives rise to both evanescent ( ) and propagating waves ( ). In 
the near-field zone, the strength of the evanescent field clearly exceeds the 
propagating wave. But these two fields cannot be separated physically and they both 
contribute to laser nanoprocessing. Therefore, the following simulation calculates the 
result with both evanescent and propagating fields together.  
2
0






















(1)  H.A. Bethe. Theory of Diffraction by Small Holes, Phys. Rev., 66, pp. 163-182. 
1944. 
(2)  J. A. Stratton. Electromagnetic Theory. pp. Pages, 1941. 
(3)  E. T. Copson. in Proc. Poy. Soc. A. 1946. 
(4)  C. J. Bouwkamp. Phyilip Res. Rep., 5, pp. 321. 1950. 
(5)  E. T. Copson. Math. Rev., 12, pp. 774. 1951. 
(6)  C. J. Bouwkamp. Diffraction Theory, Ref. Prog. Phys., 17, pp. 35-100. 1954. 
(7)  E. T. Copson. Ibid., 202, pp. 277. 1950. 
(8)  J. C. Stover. Optical Scattering Measurement and Analysis. pp. Pages, 1990. 
 
